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Synthetic organic chemists are Ångstrom-scale architects who take great pleasure in drafting 
the blueprints for the edification of intricate molecular topologies and architectures. In order to 
turn the molecular dreams into a reality, synthetic chemists must ultimately roll up their sleeves 
and become molecular construction workers building their structure brick by brick. From the 
dawn of the modern chemistry in the ages of Boyle, Dalton and Lavoisier to the present days 
the tools for molecular construction have evolved, progressing through notable paradigm shifts 
from the development of the atomistic theory to the rigorous application of the retrosynthetic 
method focusing on the enantioselective synthesis of medicinal natural products. ‘‘ Rosen, B. 
M.; Quasdorf, K. W.; Wilson, D. A.; Zhang, N.; Resmerita, A.-M.; Garg, N. K.; Percec, V. 
















































Abbreviations and symbols 
Å Angstrom (10-10 m) 
app. apparent (NMR) 
aq. aqueous 
Ar aryl ring 
ATR attenuated total reflectance 
br broad (NMR and IR) 
calcd. calculated (mass spectra) 
cat. catalytic 
Corr. correlation 
d doublet (NMR) 







EI electron impact 
equiv. equivalents 
ESI-MS electrospray ionization mass spectrometry 
eV electron-volt(s) 
FAB fast atom bombardment 
FT Fourier transform 
GS/MS gas chromatography–mass spectrometry 
h hour(s) 
HPFC high-performance flash chromatography 
HRMS high resolution mass spectrometry 
HSQC heteronuclear single-quantum coherence/correlation 
HWE Horner-Wadsworth-Emmons 
Hz hertz(s) 
IR infrared spectrum 
IUPAC International Union of Pure and Applied Chemistry 
J coupling constant (NMR) 
L liter 
LHC light-harvesting complexes 
Abbreviations and symbols 
 
m multiplet (NMR) 
 medium (IR) 
M molar 
m.p. melting point 
m/z mass/charge ratio 





MS mass spectrometry 
nm nanometer(s) 
NMP 1-methyl-2-pyrrolidinone 
NMR nuclear magnetic resonance 
NOE nuclear Overhauser effect 
NOESY nuclear Overhauser effect spectroscopy 
ºC degree centigrade (0 °C = 273.15 K) 
ppm parts per million 
q quartet (NMR) 
s singlet (NMR) 
 strong (IR) 
S.I. supporting information 
T temperature 
t time  
 triplet (NMR) 










Abbreviations and symbols 
 
w weak (IR) 
Xphos 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl 
δ chemical shift (NMR) 
λ wavelenght 
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A continuación se presenta un resumen general de la memoria englobando todos 
los capítulos. Se presenta una introducción conjunta para todos los trabajos, se repasan 
cada uno de los artículos en capítulos de manera cronológica y coherente y, finalmente, 
se describen las conclusiones principales del trabajo. 
 
1.1. INTRODUCCION 
La química de heterociclos es una parte importante de la química tanto por la 
naturaleza de los mismos como por su reactividad. Los heterociclos se caracterizan por   
poseer anillos heterosustituidos, en los que uno o más átomos de carbono son  
reemplazados  por  otro  átomo (referido  como un  heteroátomo). En  la práctica,  el 
heteroátomo más habitual es nitrógeno, seguido por oxígeno y azufre. Desde un punto de 
vista práctico, los sistemas heterocíclicos se encuentran ampliamente distribuidos en la 
Naturaleza. Existen muchos ejemplos de compuestos orgánicos que presentan 
heterociclos en su estructura debido a que se encuentran distribuidos de forma 
generalizada en los seres vivos. Muchos de ellos están presentes en la estructura de los 
principios activos de los fármacos. En concreto, los derivados de indol y benzofurano son 
heterociclos interesantes debido a su presencia en numerosos productos naturales así 
como a sus diversas actividades biológicas. 
La presencia de estos heterociclos en compuestos biológicamente activos y en 
fármacos ha motivado el descubrimiento y el desarrollo de nuevas y eficientes 
transformaciones sintéticas para su obtención a partir de los precursores apropiados. 
Entre ellas, destacan las reacciones catalizadas por metales de transición, ya que 
permiten construir con gran eficacia moléculas con elevada complejidad estructural a 
partir de productos de partida accesibles y en condiciones de reacción moderadas. 
De entre los metales utilizados para este fin, destaca el paladio, uno de los metales 
más versátiles en síntesis orgánica. Dado que se puede usar en cantidades catalíticas y 
que las condiciones de reacción son compatibles con una gran variedad de grupos 
funcionales, en numerosas ocasiones se pueden evitar las tediosas etapas de protección 
y desprotección, lo que ha contribuido a extender su uso en síntesis. Adicionalmente, las 
metodologías de síntesis de heterociclos que utilizan paladio suelen transcurrir en 




Existen numerosas síntesis catalizadas por paladio de compuestos derivados de 
indol y benzofurano, las cuales podemos dividir en dos grupos: construcción del 
benzofurano o indol a través de ciclaciones de precursores bencénicos y transformación 
del esqueleto de indol o benzofurano previamente formado. Las reacciones de ciclación, 
por lo general, implican la construcción de un pirrol o un furano funcionalizado sobre una 
estructura de benceno o derivados. Esta aproximación ha tenido mucho éxito, como lo 
demuestra el gran número de publicaciones disponibles.  
 La metodología desarrollada en este trabajo se basa en una nueva secuencia en 
cascada catalizada por paladio donde a una heteropaladación intramolecular le sigue una 
reacción de Heck oxidante para dar lugar a benzofuranos e indoles funcionalizados 
(Figura 1.1).  
 
Figura 1.1. Esquema general propuesto para la síntesis de benzofuranos e 
indoles sustituidos por grupos alquenilo en C3 por una secuencia de nucleopaladación-
Heck en cascada catalizada por paladio. 
Con anterioridad en el grupo ya se había estudiado el acoplamiento en tándem de 
2-alquinilfenoles y alquenos a través de una reacción catalizada por paladio compuesta 
de una oxipaladación intramolecular y una reacción de Heck oxidante secuenciales, 
dando lugar a 3-(1-alquenil)benzofuranos. 
1.2 SÍNTESIS GENERAL DE BENZOFURANOS, INDOLES E 
ISOCROMENIMINAS ALQUENIL-SUSTITUIDOS A TRAVÉS DE UNA 
REACCIÓN CATALIZADA POR PALADIO EN CASCADA DE 
HETEROCICLACIÓN Y HECK OXIDANTE  
En este primer capítulo se describe la síntesis de C3-alquenilbenzofuranos, C3-
alquenilindoles, y C4-alquenil-1H-isocromeniminas, a través de una primera reacción de 
Sonogashira para la obtención de las correspondientes 2-alquinilfenoles, -anilinas y –
benzamidas y una posterior reacción en cascada de heterociclación/Heck oxidante 
catalizada por paladio.  
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En estas reacciones el Pd(II) activa el enlace C-C coordinándose al orbital π 
permitiendo el ataque nucleófilo y formación del intermedio organopaladio que reacciona 
con el alqueno a través de una carbopaladación y posterior β-eliminación. Se requieren 
oxidantes externos para oxidar el Pd(0) resultante a Pd(II) y devolverlo al ciclo catalítico. 
Existen muchos ejemplos de esta reacción con nucleófilos de oxígeno y nitrógeno 
(generalmente indicados como NuH). Sin embargo, en la mayor parte de los casos, el 
orbital π que activa el Pd(II) es una olefina. En contraste, el uso de enlaces triples C-C ha 
estado restrigido al empleo de carbamatos o sulfonamidas como nucleófilos de nitrógeno. 
Se han explorado diferentes condiciones de reacción para optimizar el proceso y 
comprobar su eficacia y versatilidad. Las mejores condiciones resultaron ser aquellas que 
comienzan con Pd en estado de oxidación +2, para coordinarse al alquino y activar la 
nucleopaladación, KI como agente cooxidante en DMF, entre 80 y 100 ºC y en presencia 
de O2. 
Las condiciones desarrolladas para la síntesis de benzofuranos han sido 
modificadas y adaptadas a cada uno de los sustratos. Para benzofuranos se llevó a cabo 
la reacción a 80 ºC, lo que condujo a rendimientos elevados de productos. En cambio, 
para indoles se requirió una temperatura de 100 ºC, ya que a menor temperatura se 
observó la reacción de ciclación, pero además la protonación del organopaladio, lo que 
impide la reacción de Heck. 
Las condiciones desarrolladas para llevar a cabo el proceso de ciclopaladación-
Heck oxidante se aplicaron a diferentes o-alquinil fenoles, anilinas y benzamidas. Ha 
podido aplicarse a diferentes alquinos terminales, y se han variado los sustratos y los 
productos con sustituciones en los grupos arilo y diferentes grupos en el grupo amino, 






En cuanto a la heterogeneidad de la reacción, se han utilizado diferentes grupos 
alquinilo R1, tanto aderivados de arilo como de alquilo, dando lugar a los productos 
deseados en muy buenos rendimiento. El acoplamiento es tolerante también con la 
sustitución del anillo aromático del sustrato de partida con grupos dadores y aceptores de 
electrones (R2-R4). El esqueleto de indol se ha sintetizado también a partir de la anilina 
metilada R9. En el caso de las benzamidas, el nitrógeno puede presentar diferentes grupo 
alquilo y arilo. La reacción funciona eficientemente, además, con alquenos R6 
monosustituidos y diferentes compuestos carbonílicos α,β-insaturados mono- o 




1.3 SÍNTESIS DE ESQUELETOS DE TETRAHIDRODIBENZOFURANO Y 
TETRAHIDROBENZOCROMENIMINA POR REACCION INTRAMOLECULAR 
DE NUCLEOPALADACION/HECK OXIDANTE EN CASCADA. 
La reacción de heterociclación seguida de un acoplamiento tipo Heck en un solo 
proceso ofrece la posibilidad de acceder rápidamente a una gran numero de heterociclos 
con elevada diversidad estructural. Una manera de añadir complejidad sería llevar a cabo 
el acoplamiento cruzado en su versión intramolecular, lo que conduciría a la obtención de 
estructuras policíclicas. 
Para la obtención de derivados de tetrahidrodibenzofuranos (esquema 1.2) se 
requiere la preparación de los correspondientes o-alquinilfenoles que contienen en su 
estructura un éster o cetona α,β-insaturado. El o-alquinilfenol puede estar sustituido con 
grupos dadores de electrones, aunque los grupos aceptores presentan problemas a la 
hora de sintetizar y aislar los productos de partida. A diferencia de la versión 
intermolecular, para realizar la ciclación-Heck se requieren 100 ºC de temperatura en 
lugar de 80 ºC.  
Esquema 1.2 
 
La síntesis de derivados de benzocromenimina (esquema 1.2), como ya sucedía 
en la version intermolecular a partir de benzamidas, requiere el uso del catalizador 
PdCl2(PPh3)2 a 80 ºC. En este caso, además, se realiza la reacción de Sonogashira previa 
y la heteropaladación-Heck oxidante sin aislamiento del producto intermedio. Se 
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comprobó que el empleo de DMF como disolvente en la reacción de Sonogashira 
dificultaba la reacción a 55 ºC y provocaba la descomposición de los productos a 80 ºC, 
pero es necesario en la segunda etapa de ciclación-Heck. La presencia de Et3N en la 
segunda etapa redujo los rendimientos de la reacción, por lo que se se decidió evaporar 
la amina al finalizar la reacción de Sonogashira. Considerando que la presencia de sales 
de Cu podía ser la responsable de la formación de subproductos, se añadió catecol para 
capturar el cobre. Las benzamidas, además, podrían dar nucleopaladaciones con 
regioselectividad exo o endo, pues se formarían ciclos de 5 o 6 miembros, pero se 
observan solo los producto 6-endo. Ambas transformaciones transcurren con mejores 
rendimientos con el empleo de anhídrido maleico, un aditivo que estabiliza el Pd(0) 
favoreciendo su reoxidación a Pd(II) y evitando que se forme paladio ‘black’ inactivo.  En 
ambos casos, además, la reacción de Heck transcurre con regioselectividad exo. 
Se ha propuesto un mecanismo para este proceso catalizado por paladio de 
ciclación-Heck oxidante en cascada (Figura 1.2). En él se recoge la etapa de 
nucleopaladación, inserción, β-eliminación y posterior oxidación/regeneración del metal 
Pd(0) a Pd(II).  
Figura 1.2 
 
El paso de la oxidación del paladio quizá sea el más complejo y el que más  
diferencia nuestra metodología de otras propuestas para este tipo de sistemas y 
transformaciones. En la versión intermolecular, proponemos el empleo de una oxidación 
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del paladio con oxígeno molecular y promovido por yodo, pues el yoduro potásico (KI) se 
oxida fácilmente a yodo en presencia de oxígeno. La oxidación del Pd (0) a Pd(II) requiere 
un aporte energético elevado, de ahí el empleo de yodo como co-oxidante. Evitamos así, 
la precipitación del Pd(0) a paladio ‘black’ o paladio metal inactivo. Hemos visto, además, 
que en este caso necesitamos varios equivalentes de olefina para estabilizar este paladio 
y obtener buenos rendimientos. En nuestra versión intramolecular, al no poder utilizar 
muchos equivalentes de olefina, se emplea el anhídrido maleico, que estabiliza los 
complejos de Pd(0), evitando de esta manera la precipitación del paladio a paladio ‘black’. 
  
1.4  REACCIÓN DE TRES COMPONENTES, ONE-POT, ESCALONANDO 
ACOPLAMIENTOS SONOGASHIRA–HETEROCICLACIÓN–HECK. 
Las rutas sintéticas a menudo suelen ser simplificadas realizando dos o más 
etapas consecutivas sin aislar intermedios. Idealmente, estos procesos multicomponente 
o ‘one-pot’ serían consecuencia de la mezcla de todos los reactivos, que por 
quimioselectividad a través de una secuencia de reacciones conducirían al producto 
deseado. Una alternativa es llevar a cabo todas las transformaciones pero incorporando 
en alguna fase una manipulación externa adicional. Las ventajas de este tipo de 
operaciones incluyen la disminución en costes, la mayor rapidez de los procedimientos, 
la reducción de las etapas de purificación, y a veces, los mayores rendimientos de la 
reacción.  
En este trabajo describimos un proceso multicomponente, one-pot, que engloba 
una reacción de Sonogashira, una heterociclación y un acoplamiento de Heck oxidante 
en cascada. Este nuevo procedimiento, tanto en un proceso secuencial como en un 
sistema ‘one-pot’, se ha empleado para la preparación de isocromeniminas, benzofuranos 
e índoles. 
En base a los precedentes del capítulo anterior consideramos la posibilidad de 
aplicar este método para un proceso de tres componentes usando halobenzamidas, 
alquinos y acrilato de etilo. Se obtuvieron los productos deseados sin necesidad de aislar 
los intermedios de la reacción de Sonogashira y, además, al contrario de lo que sucedía 
con la síntesis de derivados de benzocromenimina, en este caso no se requiere el uso de 
aditivos como anhídrido maléico o catecol (esquema 1.3a). Estas condiciones se 
mejoraron al poder realizar la operación sin necesidad de evaporar la base, añadiendo la 
DMF (disolvente) en la Sonogashira y el acrilato de etilo desde el principio del proceso. 
Se puede, incluso, mejorar este sistema secuencial. Para evitar la necesidad de evaporar 
la Et3N, reducimos su cantidad inicial y añadiemos un ligando PPh3 como aditivo 
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(esquema 1.3b). De esta forma, se ha desarrollado un proceso ‘one-pot’ que no necesita 
adición de ningún reactivo ni manipulación de ningún tipo más que la apertura del balón 
de reacción a una atmósfera de aire. 
Esquema 1.3 
 
Este proceso ‘one-pot’ lo hemos extendido también para los fenoles y anilinas 
como sustratos, encontrando un efecto similar. Los rendimientos en muchos casos son 
mejores que los encontrados para la secuencia sintética que implica el aislamiento de los 
productos de la reacción de Sonogashira (esquema 1.4) 
Esquema 1.4 
 
Por último, viendo los resultados y la simplicidad que nos ofrecía el proceso ‘one-
pot’, también estudiamos las reacciones correspondientes de yodofenoles y yodoanilinas 
con alquinos funcionalizados con olefinas en su estructura, es decir, la correspondiente 
versión intramolecular (esquema 1.5). En estos casos, sólo las condiciones del 






1.5 SÍNTESIS DE 7-ALQUILIDEN-7,12-DIHIDROINDOL [3,2-D]BENZAZEPIN-6-
(5H)-ONAS (7-ALQUILIDEN-PAULLONES) POR N-CICLACIÓN-HECK 
OXIDANTE EN CASCADA Y CARACTERIZACION COMO MODULADORES 
DE SIRTUINAS. 
En este capítulo se ha abordado la aplicación directa de nuestra metodología para 
compuestos con prometedoras actividades biológicas. 
Compuestos orgánicos con el esqueleto de 7,12-dihidroindolobenzacepinona, 
conocidas como paulonas, presentan una amplia gama de actividades biológicas, entre 
las que cabe citar las de inhibidores de varias cinasas, de la malato deshidrogenasa 
mitocondrial (mMDH), o de histonas desacetilasas (sirtuinas, Sirt). Tambien están 
relacionadas con el tratamiento de la diabetes. Derivados de indolobenzazepinonas han 
sido caracterizados como sondas química en investigación con células madre, y han 
mostrado capacidades citotóxicas, antiproliferativas, y efectos pro-apoptóticos en 
derivados de paulona, considerando así a estos compuestos como prometedores agentes 
antitumorales. 
Debido a su potencial e interesante actividad biológica, se ha promovido el estudio 
y desarrollo de diferentes metodologías sintéticas para preparar análogos de 
indolobenzazepinonas. 
Puesto que habíamos descrito un  método eficaz, rubusto y adaptable para la 
síntesis de benzofuranos, indoles y otros derivados heterocíclicos comenzando por 
simples o-yodoarenos como precursores, hemos desarrollado una secuencia que 
combina una reacción de acoplamiento cruzado de Sonogashira y una nucleopaladación-
Heck oxidante catalizados por paladio para le preparación de análogos de 
indilobenzazepinonas o paulonas que posee un olefina exocíclica en la posición C7, 
modificación además sin precedentes bibliográficos y que nos permitiría generar otros 





Tras inspeccionar diferentes rutas de preparación de los o,o’-bisanilina-etilenos, 
seleccionamos el orden recogido en el esquema 1.6, que comprende primero una 
acilación de una o-alquinilanilina con cloruro de acriloilo, y posterior reacción de 
Sonogashira con la yodoanilina. Esta secuencia transcurre con excelentes rendimientos. 
La acilamida, o,o’-bisanilina-etileno, se trató con las condiciones desarrolladas por 
el grupo para la nucleopaladación-Heck oxidante, es decir, 5%mol PdCl2(PPh)3, 0.5 
equivalentes de KI y 1 equivalente de anhídrido maléico en DMF bajo aire (esquema 1.6). 
Este proceso sintético permitió llevar a cabo la construcción regioselectiva del 
nucleo de indol y del heterociclos benzazepinonas de las alquilidenpaulonas policiclicas. 
Varios de estos compuestos fueron caracterizados como activantes de sirtuinas 
en ensayos bioquímicos y, aunque la concentración requerida para su actividad es todavía 
grande, estos compuestos representan un punto de partida muy interesante para futuros 
estudios con el objetivo de mejorar su potencia como activadores de sirtuinas. 
1.6 APLICACIÓN DE LA REACCIÓN ‘ONE-POT’ SONOGASHIRA-
HETEROCICLACIÓN-HECK EN CASCADA PARA LA SÍNTESIS DE 
INDOLOBENZAZEPINONAS 
Las pequeñas moléculas derivados de indolobenzazepinonas presentan 
interesantes propiedades antitumorales, las cuales podrían estar relacionadas con su 
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capacidad como inhibidores de quinasas (o cinasas) dependientes de ciclinas (Cdk), 
enzimas que regulan el correcto desarrollo del ciclo celular. 
En este nuevo trabajo hemos incrementado la eficiencia de nuestro proceso 
sintético, incorporando la reacción de Sonogashira al proceso catalizado por paladio de 
heterociclación-Heck oxidante. De este modo, conseguimos la síntesis de nuevos 




Siguiendo esta estrategia, podemos preparar nuestros precursores en dos 
sencillas reacciones de protección de la anilina para formar un carbamato y la acilación 
de la alquinilanilina para obtener los sustratos con alquino y alqueno en la misma 
estructura. La reacción ‘one-pot’ Sonogashira-heterociclación-heck en cascada permitió 
obtener los productos de interés en una sola reacción sin aislamiento de intermedios. La 
reacción de Sonogashira se llevó a cabo a 60 ºC en atmósfera inerte de Ar, para evitar la 
oxidación del Pd(0). Posteriormente, las siguientes reacciones de ciclación y Heck 
oxidante se realizaron a 100 ºC con el matraz abierto al aire, favoreciendo la formación 
de Pd(II). Así, el proceso ‘one-pot’ permitió sintetizar indolobenzazepinonas a partir de 
diferentes o-yodoanilinas. 
Esta nueva serie de compuestos con esqueleto de indolobenzazepinonas serán 
analizados en diferentes ensayos biológicos para caracterizar sus actividades. 
 
1.7 REACCIONES DE SONOGASHIRA-HETEROCICLACIÓN-HECK EN 
CASCADA CATALIZADAS POR PALADIO PARA LA SÍNTESIS DE 
DIHIDROTRIPTÓFANOS. 
El papel destacado del anillo de indol en la química farmacéutica, junto con su 
presencia en numerosos alcaloides, hacen que esa estructura sea del máximo interés 
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sintético. Las dicetopiperazinas derivadas de indol tienen la propiedad única de imitar de 
la estructura de péptidos y de unirse de forma reversible a las enzimas, por lo que 
proporcionan tremendas oportunidades para descubrir nuevos fármacos con diferentes 
modos de acción. Siete de los medicamentos comerciales que contienen indol se 
encuentran entre los 200 medicamentos de mayor venta en 2012. Existe un numeroso 
grupo de fármacos que contienen indol aprobados y en el mercado, así como compuestos 
actualmente en diferentes fases de estudios clínicos.  
Hemos propuesto la síntesis de derivados insaturados de triptófano usando el 
anterior método de síntesis de indoles por reacciones catalizadas por paladio de 
nucleopaladación y Heck oxidante en cascada en su versión intermolecular. En este caso, 
el Pd(II) activa el alquino para dar la nucleopaladación y el intermedio de paladio se atrapa 
en la reacción de Heck con un alqueno. El empleo de derivados de deshidroalanina como 
los ésteres acetoamidoacrilato como componente de la reacción de Heck es 
particularmente interesante, pues esos productos pueden transformarse por 
hidrogenación catalítica enantioselectiva en los correspondientes derivados de triptófano. 
Figura 1.4 
Mientras que los deshidrotriptófanos podrían obtenerse mediante reacciones de 
condensación a partir de indol-3-carbaldehídos, los intentos por preparar esta 
funcionalidad directamente a partir de indoles han tenido poco éxito. El proceso 
ciclación/Heck previamente descrito en el grupo permitió preparar derivados de 





Entry Conditions R Yield
1 PdCl2 p-tolil 53 
2 PdCl2(PPh3)2 TES 42 
3 PdCl2 SiMe2Bn 60 
 
Para estudiar las mejores condiciones de reacción se estudió la transformación de 
2-p-tolilalquinilanilina con acetamidoacrilato de metilo. La reacción tuvo lugar con 
rendimientos moderados. El empleo de estas condiciones con diferentes alquinilanilinas, 
con un sustituyente alquinilo terminal que podría ser eliminado en cualquiera de las etapas 
posteriores para obtener el indol sustituido solamente en posición 3, no condujo a los 
productos de reacción.  
El empleo de alquinilsilanos permitió sintetizar los compuestos deseados, con 
alguna particularidad según el volumen estérico del silano. 
Tratando de ampliar más el potencial de nuestra reacción para la síntesis de 
derivados deshidrotriptófano, la alquilidendicetopiperacina se construyó como se 
muestraen el esquema, con el fin de promover su inclusión en la reacción de ciclación-







1.7 CONCLUSIONES GENERALES 
La presente investigación ha abordado el desarrollo y el estudio de la aplicación 
de un método sintético para la formación de heterocicos aromáticos empleando un 
catalizador de paladio. El primer grupo de contribuciones engloba el estudio de la 
optimización, la comprensión mecanística y la generalización de la metodología sintética. 
El segundo grupo es el resultado de la aplicación del protocolo sintético a la síntesis de 
moléculas de mayor complejidad que forman parte de estructuras de interés en química 
médica. 
La metodología sintética se ha aplicado a la preparación de benzofuranos, índoles 
e isocromeniminas. Estos compuestos se han obtenido como productos finales de una 
secuencia en cascada, que encadena una heterociclación y un acoplamiento Heck 
oxidante, catalizada por paladio. Cuando la secuencia se lleva a cabo en su versión 
intramolecular, se añade complejidad estructural a los productos heterocíclicos formados 
y se obtienen estructuras tricíclicas de tetrahidrodibenzofuranos, 
tetrahidrobenzocromeniminas y tetrahidrocarbazoles. El mecanismo propuesto para el 
proceso sintético en cascada tiene en cuenta esa secuencia ordenada de 
transformaciones. 
Para la preparación de los precursores con grupos alquinilo en posición orto a los 
heteroátomos, se ha utilizado la reacción de Sonogashira. Dado que este proceso está 
co-catalizado por sales de Cu y complejos de Pd, se ha encadenado la formación de los 
derivados arílicos con grupos alquinilo en orto con respecto al heteroátomo con la cascada 
de reacciones heterociclación-Heck usando el mismo complejo metálico para realizar 
ambas transformaciones. De este modo hemos conectado una reacción de Sonogashira 
con otras dos reacciones de heterociclación-acoplamiento Heck oxidante en un proceso 
‘one-pot’ catalizado por paladio.  
La aplicación de la metodología a compuestos de conocida actividad biológica se 
ha centrado en preparación de indolobenzazepinonas (paullonas). Algunos de los 
compuestos preparados han sido caracterizados como activantes de sirtuinas (un grupo 
de enzimas desacetilasas de histona NAD-dependientes) en ensayos bioquímicos. La 
optimización del proceso ha llevado a la preparación de una nueva serie de 
indolobenzacepinonas a través de un proceso ‘one-pot’ más respetuoso con el medio 
ambiente, al ser un método más rápido y eficaz.  
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En un estudio reciente se ha analizado el origen de los nuevos fármacos 
aprobados por la FDA (Food and Drug Administration, EEUU) entre 1981 y 2008. De este 
estudio se desprende que el 57.7% corresponden a productos naturales, sus derivados 
sintéticos y a análogos con farmacóforos de productos naturales. Por ello, se ha extendido 
el método sintético a ciertos alcaloides del indol. La secuencia nucleopaladación/Heck 
oxidante ha conducido a la preparación de esqueletos de deshidrotriptófano a partir de o-
yodoanilinas. Estas estructuras podrían facilitar la síntesis de productos naturales con 





































Los compuestos heterocíclicos son aquellos que contienen anillos o ciclos cuyos 
eslabones están constituidos, además de por átomos de carbono, por otro u otros 
elementos distintos a éste (heteroátomo). Este tipo de compuestos están extendidos en 
gran medida en la naturaleza. En este sentido, hay que resaltar que los tres hechos clave, 
a lo largo de la historia de la química de heterociclos, están relacionados precisamente 
con productos naturales como son el aislamiento de diversos derivados de furano a partir 
de plantas, en 1780;1 el descubrimiento del pirrol obtenido por destilación seca de 
pezuñas y cuernos de animales, en 1834; 2 la separación de la picolina del alquitrán de la 
hulla, en 1846. 3  
Muchos de los compuestos naturales constituidos por heterociclos son de una 
importancia fundamental para los sistemas vivos, como por ejemplo, las bases púricas y 
pirimidínicas de los ácidos nucleicos o la clorofila, la hemoglobina y los pigmentos biliares, 
constitucionalmente formado por varias unidades del heterociclo pirrol, o también en 
numerosas vitaminas (p.e. B1, B2, B3 y C entre otras) encontramos heterociclos. 
Por otra parte, también poseen estructura heterocíclica la mayoría de los 
alcaloides, entre los que se encuentran un gran número de sustancias utilizadas como 
fármacos (p.e. morfina, cocaína, nicotina y codeína) algunas de las cuales son a menudo 
manipuladas en el laboratorio con objeto de modificar su estructura, dando lugar a 
productos semisintéticos. Sin embargo, otras veces, es necesario realizar su síntesis, 
generalmente con fines farmacéuticos y/o industriales (p.e. tintes, pesticidas y materiales), 
ya que aunque se encuentren en la naturaleza con frecuencia lo hacen en pequeñas 
cantidades.  
De entre los heterociclos descritos y debido a su relación con este trabajo, 
destacan el benzofurano 4 y el indol 5, unidades básicas presentes en una gran variedad 
de productos tanto de origen natural como sintéticos con importantes aplicaciones 6 7. Así, 
por ejemplo, se han descrito benzofuranos con propiedades antimicrobiana, anti-
inflamatoria, antitumoral, antiviral, antituberculosa, antioxidante, anticonvulsivante, anti-
Alzheimer, anti-ulceroso, como inhibidores de la muerte celular isquémica y como 




Figura 2.1. Benzofuranos e índoles con distintas aplicaciones. 
Por su parte, el indol, es un componente estructural de un gran número de 
compuestos con importantes aplicaciones, siendo considerado en la actualidad  como uno 
de los andamios más importantes en el descubrimiento de fármacos. Así, los derivados 
de indol tienen la propiedad única de mimetizar a los péptidos y de unirse de forma 
reversible a las enzimas, proporcionando un importante punto de partida para el 
descubrimiento de nuevos fármacos. Por todo esto, al menos siete medicamentos 
comerciales con esqueleto de indol ocupaban un puesto en el Top-200 de ventas de 
medicamentos en 2012, y hay un número importante de candidatos, que presentan este 
heterociclo en su estructura, en diferentes fases clínicas 9.  
 




La presencia de heterociclos en compuestos biológicamente activos y en 
fármacos 10 11 12 ha motivado el descubrimiento y el desarrollo de nuevas y eficientes 
transformaciones sintéticas para su obtención a partir de los precursores apropiados. 
Entre ellas, destacan las reacciones catalizadas por metales de transición, ya que 
permiten construir con gran eficacia moléculas con elevada complejidad estructural a 
partir de productos de partida accesibles y en condiciones de reacción moderadas. En 
estas reacciones mediadas por metales de transición, la construcción del heterociclo se 
ha llevado a cabo, tradicionalmente, a partir de precursores acíclicos por formación de 
enlaces C-C o de enlaces C-Y (Figura 2.2). Así, se han sintetizado con éxito, heterociclos 
mediante reacciones de metátesis de olefinas con cierre de anillo, 13; también a través de 
reacciones de cicloisomerización de alquenos, alquinos, dienos, di-inos y eninos. 14 15; la 
formación simultánea de un enlace C-C y de un enlace C-Y mediante heterociclaciones 
de alquenos y alquinos ha sido ampliamente utilizada, tanto en la versión intramolecular 
como en la intermolecular, para obtener heterociclos de 4, 5 y 6 átomos. 16. También ha 
sido extensamente explorada la síntesis de heterociclos mediante la aplicación de las 
reacciones de acoplamiento cruzado catalizadas por metales de transición (reacción de 
Mizoroki-Heck, reacción de Suzuki-Miyaura, reacción de Negishi, reacción de Stille y 




Figura 2.2. Clasificación de las metodologías más empleadas en bibliografía para la 
síntesis de heterociclos mediante reacciones mediadas por metales, basada en la 
estructura de los productos de partida y en el tipo de transformación. 15  
De entre los metales utilizados para este fin, destaca el paladio, uno de los metales 
más versátiles en síntesis orgánica. Dado que se puede usar en cantidades catalíticas y 
que las condiciones de reacción son compatibles con una gran variedad de grupos 
funcionales, lo que permite, en numerosas ocasiones, evitar las tediosas etapas de 
protección y desprotección, lo que ha contribuido a extender su uso en síntesis. 
Adicionalmente, la síntesis de heterociclos que utilizan paladio suelen transcurrir en 
condiciones de reacción suaves, con elevadas regio y estereoselectividades y elevados 
rendimientos, 21 lo que ha contribuido a desarrollar metodologías basadas en la catálisis 
de paladio tanto para funcionalizar los heterociclos ya existentes, como para construir 
otros.  
Debido a que el trabajo, incluido en esta memoria, consiste en el desarrollo de una 
una nueva metodología para la síntesis versátil, rápida, eficaz y selectiva de nuevos 
derivados de benzofurano e indol, catalizada por paladio, a continuación se comentarán 
algunos aspectos relacionados con este metal de transición. 
 
2.1.1 Catálisis de Paladio  
 
El término catalizador fue introducido por J. J. Berzelius en 1835 22, para referirse 
a cualquier sustancia que, con su mera presencia provoca reacciones químicas que, de 
otro modo, no tendrían lugar. Más tarde, en 1902 W. Ostwald proporcionó una definición 
más ajustada de catalizador como una sustancia que cambia la velocidad de una reacción 
química sin experimentar modificación en el proceso. Finalmente, en 1981,  la IUPAC 
estableció la siguiente definición: 
“un catalizador es aquella sustancia que incrementa la velocidad de la 
reacción sin alterar la energía libre de Gibbs estándar de la misma; el proceso 
se denomina catálisis y la reacción en que está involucrado un catalizador se 
denomina reacción catalizada”. 
Como resultado, los procesos catalíticos tienen la capacidad de facilitar la 
evolución de las reacciones para convertirlas en procesos químicos más rentables. Por 
otra parte, el uso de metales de transición como catalizadores ha demostrado ser, en la 
última década, una de las herramientas más rentable para la formación selectiva de 
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enlaces carbono-carbono en condiciones de reacción suaves. Como consecuencia, todas 
las áreas de la Síntesis Orgánica se han visto profundamente afectadas por el potencial 
y versatilidad de las reacciones catalizadas por metales de transición, lo que ha llevado  
a cambios de paradigma en, el diseño y la realización de procesos de síntesis.  
Esta versatilidad se debe, en última instancia, a la configuración electrónica  de este 
metal de transición ([Kr] 4d10 5s0), descubierto en 1803 por William Hyde Wollaston y 
bautizado en honor a la diosa Palas, que condiciona su situación en la tabla periódica, 
concretamente en el grupo del níquel. La distribución electronica del paladio, un metal 
brillante parecido al platino, es la responsible de que no se oxide con el aire, y que sea el 
elemento de menor densidad y punto de fusión de su grupo. 23 24. La elevada reactividad 
de los compuestos de paladio, que puede ser modulada a través de sus ligandos (p.e. 
fosfinas, aminas, carbenos y sistemas insaturados), es la responsable de que la catálisis 
homogénea de paladio haya ganado una especial relevancia en Síntesis Orgánica  
Aunque ya en la década de 1870, Kolbe 25 describía la primera hidrogenación 
catalítica, el gran avance en la catálisis de paladio, se considera que fue el desarrollo de 
la reacción de Wacker, en 1959 (Figura 2.3) 26. Este proceso, industrialmente importante, 
permite la oxidación selectiva de etileno a acetaldehído en presencia de cantidades 
catalíticas de PdCl2 y CuCl2 en presencia de oxígeno (Figura 2.3). El descubrimiento de 
esta reacción inició un área de investigación, que resultó en el desarrollo de algunos 
procesos catalíticos de paladio muy versátiles, tales como las reacciones de acoplamiento 
cruzado 27 desarrollados por Heck, Stille, Negishi y Suzuki, entre otros, y su importancia 
promovió la concesión del Premio Nobel de Química en 2010 (R. Heck, A. Suzuki y E. 
Negishi). 
 
Figura 2.3. La reacción de Wacker 
La versatilidad de los catalizadores de paladio también está directamente 
relacionada con algunas de sus propiedades físicas, como su capacidad para modificar 
su estado de oxidación, entre 0 y II (configuración d10 y d8, respectivamente), con relativa 
facilidad. Además, y como regla general, el Pd(0) se considera nucleófilo mientras que el 
Pd(II) es electrófilo, comportamiento que se modula también con los ligandos. Hasta hace 
poco, la mayoría de los procesos catalizados por este metal, descritos en bibliografía, 
empleaban Pd(0) y Pd(II), sin embargo, en los últimos años se han identificado nuevas 
especies de paladio (Pd(I), Pd(III) y Pd(IV))  que han sido objeto de debate para finalmente 
emplearse en el desarrollo de nuevas metodologías 28 29 30 31 32 33 32, siendo además una 
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de sus peculiaridades la fácil interconversión entre los distintos estados de oxidación 
(Esquema 2.1). 34 
Esquema 2.1. Ejemplo de reacción catalizada por Pd(IV). 
 
Adicionalmente su capacidad para coordinarse fácilmente a ligandos tanto σ como 
π, hacen que se coordine fácilmente a arenos, alquenos, alquinos y alenos 35. A pesar de 
que las aplicaciones sintéticas de los complejos de Pd(0) son extensas, presentan la 
desventaja de que se oxidan fácilmente, lo que ha promovido el desarrollo de 
metodologías basadas en estados de oxidación más avanzados (Pd(II) y Pd(IV)), debido 
a su mayor solubilidad en la mayoría de los disolventes orgánicos y su estabilidad a la 
presencia del oxígeno. 36 
Como se ha comentado anteriormente una de las peculiaridades del paladio es su 
capacidad para modificar su estado de oxidación, con cierta facilidad, y su dependencia 
con la naturaleza de los ligandos que presente el complejo. Este proceso se produce a 
través de una serie de transformaciones básicas  que conviene tener en cuenta a la hora 
desarrollar nuevas metodologías sintéticas catalizadas por paladio (Figura 2.4): 
 
Figura 2.4. Procesos fundamentales que pueden encontrarse en las reacciones 
catalizadas por paladio 
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Estas transformaciones fundamentales requieren no solamente de la presencia 
del metal de transición sino, en algunos casos, de un sistema insaturado que se coordina 
al metal a través del sistema . Esta coordinación de los sistemas insaturados se 
establecen a través de una coordinación tipo donde el flujo de electrones se establece 
desde el alqueno al metal, y otra de tipo , denominada retrodonación, desde el metal al 
orbital * del sistema insaturado (Modelo de Dewar-Chatt-Duncanson 37 38 39). 
Adicionalmente, los alquinos presentan una interacción adicional tipo , donde el flujo de 
electrones se establece desde el alquino hacia el metal; la retrodonación, en este caso, 
es poco importante a consecuencia del pobre solapamiento orbitálico. Debido a que los 
complejos de Pd(II) tienen un acusado carácter electrófilo, son capaces de transferir esta 
electrofilia, activando los sistema insaturados para facilitar las adiciones de nucleófilos 
débiles no convencionales (p. ej., olefinas). 36, lo que permite, por ejemplo, las ciclaciones 
intramoleculares de heteroátomos a complejos  de Pd(II) con olefinas o alquinos 
(Esquema 2.2). 40 
Esquema 2.2 
 
Una vez llevada a cabo la transformación empleando un catalizador de paladio 
(II), para cerrar el ciclo catalítico se requiere de la reoxidación del Pd(0). A pesar de que 
las primeras reacciones descritas mediadas por paladio utilizaban cantidades 
estequiométricas, en la actualidad se recurre a los procesos catalíticos empleando un co-
oxidante que recupera el Pd(II). En este sentido, se tiende a emplear oxidantes 
respetuosos con el medio ambiente, tales como el oxígeno molecular.  
La oxidación directa del catalizador mediante oxígeno molecular es a menudo un 
proceso cinéticamente desfavorecido. El uso de sistemas catalíticos junto con mediadores 
de transferencia de electrones (ETM) generalmente facilita los procedimientos mediante 
el transporte de los electrones del catalizador hacia el oxidante a lo largo de coordenadas 
de reacción con perfiles de baja energía (Figura 2.5), lo que aumenta la eficiencia de la 




Figura 2.5. Influencia de la presencia de mediadores (ETM), como benzoquinona, en las 
barreras de activación de la oxidación del Pd(0) a Pd(II). 
Hay ejemplos en oxidaciones catalizadas por paladio donde el paladio se reoxida 
directamente por O2 sin mediadores de transferencia electrónica (ETM), utilizando para 
ello condiciones de reacción drásticas o ligandos específicos. Estos ejemplos incluyen la 
oxidación de alcoholes a cetonas, de alquenos a compuestos carbonílicos, y las 
heterociclaciones intramoleculares de alquenos 43 44 45. Sheldon y colaboradores 46 han 
descrito una reoxidación directa de paladio por el oxígeno molecular en la oxidación 
aerobia de alcoholes empleando como catalizador un complejo de paladio (II) con ligando 
fenantrolina soluble en agua. Stahl y colaboradores proponen el empleo de compuestos 
orgánicos como ligandos de coordinación de complejos de paladio para oxidar el paladio 
en presencia de oxígeno. Estos ligandos además, modifican la vida útil del catalizador y 
su actividad. Por otra parte, el uso de estos catalizadores introduce nuevas perspectivas 
para el control de la selectividad en reacciones de oxidación de paladio, incluyendo control 
de la regioselectividad y catálisis asimétrica. La identificación de nuevos ligandos y 
catalizadores eficaces representa un objetivo importante para la investigación de estos 




Figura 2.6. Propuestas mecanísticas para la oxidación del catalizador en 
reacciones de oxidación de paladio directamente a través de dioxígeno. 
Un ejemplo ilustrativo del beneficio del empleo de un mediador es la oxidación de 
Wacker de etileno a acetaldehído, empleada a escala industrial, co-catalizada por PdCl2 
y CuCl2, que utiliza O2 como oxidante (Esquema 2.3). 47 26a.  
Esquema 2.3.  
 
Esta transformación inicialmente descrita por Phillips 48, fue estudiada por la 
empresa Wacker Chemie, quienes encontraron que la pareja redox CuCl2-CuCl puede 
transportar los electrones de Pd(0) al O2 transformándolo fácilmente en H2O. Sin embargo 
en ausencia de cobre, la barrera energética para transformar O2 en H2O es más costosa 
que la descomposición del catalizador o la precipitación de Pd(0). La transferencia fácil 
de electrones de Pd(0) a CuCl2 puede ser debida a una estrecha interacción entre el 
paladio y el cobre, o a la fácil oxidación del CuCl a CuCl2, medianda por O2 y en 
disoluciones acuosa.  
El proceso de Wacker se ha extendido a la oxidación de una gran variedad de 
alquenos, que en multitud de ocasiones transcurren en mezclas de disolventes, polar y 
agua, y para los que se requiere la presencia de iones cloruro para estabilizar el sistema 
redox, empleándose una combinación de PdCl2, CuCl2, y O2.  
Sin embargo, la presencia de iones cloruro tiene un efecto negativo sobre la 
velocidad de reacción debido a que hay una dependencia inversa de la cinética de 
reacción con la concentración de iones cloruro, 49 50 lo que provoca que la reacción no 
sea selectiva y conduce a la formación de subproductos clorados.  
Recientemente se ha demostrado otro inconveniente a la combinación Pd y Cu. 
La oxidación de complejos de Pd(0) a dinucleares de Pd(I), puede darse en presencia de 
sales de Cu y Ag. 51 En el mismo proceso, se forman complejos de Cu(I) o Ag(I), que 
tienen a su vez efecto en la actividad de los complejos de Pd(I). Los complejos de Pd(I) 
reaccionan fácilmente con alquinos e inician reacciones de polimerización, lo que explica 
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los efectos inhibidores de sales de Cu en las reacciones de Sonogashira con ArCl. Para 
los acoplamientos cruzados de Suzuki con ArCl, el efecto de los oxidantes depende del 
anión. Estos resultados sugieren la posibilidad de ciclos alternativos que implican 
complejos bimetálicos de Pd(I) coexistentes con ciclos catalíticos sinérgicos que 
involucran Pd(0) / Pd(II) y Cu.  
La pareja CuCl2/O2 es quizás la mezcla co-oxidante más conocida del proceso 
Wacker, sin embargo, también se han utilizado otros reactivos, incluyendo benzoquinona, 
polioxometalatos, sales de Cu(II) y peróxidos orgánicos e inorgánicos. La benzoquinona 
(BQ) es quizás la alternativa más empleada para la re-oxidación del paladio 52, desde que 
Moiseev y colaboradores encontraron que la benzoquinona (BQ) actuaba como oxidante 
estequiométrico eficaz en la acetoxilación de etileno catalizada por Pd (Esquema 2.4) 53. 
Esquema 2.4.  
 
A pesar de la utilidad de BQ como oxidante, la formación de hidroquinona como un 
subproducto estequiométrico es una limitación de estas reacciones. A pesar de los 
beneficios del empleo de benzoquinona como co-oxidante de paladio, puede también 
influir en varios de los procesos fundamentales presentes en un ciclo catalítico como la 
activación de enlaces C-H, la transmetalación, la coordinación a alquenos, la adición 
nucleofílica, la eliminación reductora, y la β-eliminación, de tal forma que la concentración 







Bäckvall y colaboradores desarrollaron un sistema de "triple catálisis" para permitir 
el uso de oxígeno como oxidante estequiométrico de paladio, que emplea complejos 
metálicos macrocíclicos como co-catalizadores para promover la oxidación de la 
hidroquinona con oxígeno. Así, el uso de Pd(OAc)2 junto con benzoquinona y un complejo 
con un ligando macrocíclico Lm (MLM) como mediador (ETM), resultó ser un proceso de 
oxidación libre de cloruro y altamente eficiente de alquenos terminales, obteniéndose los 
mejores resultados cuando se utilizó ftalocianina de hierro, como ETM (Esquema 2.6) 56 
57, siendo en este caso esencial, una cantidad catalítica de ácido fuerte (p.e., HClO4) para 
mantener el paladio en disolución. 
Esquema 2.6 
 
Otros co-oxidantes ampliamente utilizados en bibliografía son las sales de cobre, 
MnO2, quinonas 58, TEMPO, varios peróxidos 41 o PIDA (phenyliodine diacetate). 
Recientemente, Ma y colaboradores han descrito un nuevo sistema catalítico (PdCl2-RI-
aire) para la regeneración de paladio (II) que les permitió llevar a cabo una reacción de 
dimerización por ciclación-acoplamiento oxidativo, de ácidos 2,3-alenoicos, que 





2.1.2 Síntesis de benzofuranos e índoles mediante reacciones catalizadas 
por paladio 
 
Como se mencionó anteriormente, el Pd(II) forma fácilmente complejos-π con 
compuestos insaturados, tales como alquenos, alquinos o alenos, lo que les hace más 
susceptibles de sufrir ataques nucleófilos y/o inserción migratoria, procesos que han sido 
empleados en bibliografía para la construcción de índoles y benzofuranos, siguiendo 
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diferentes desconexiones que se recogen en la Figura 2.7, en este caso a partir de 
alquinos debido a la relevancia para este trabajo. 
 
Figura 2.7. Aproximaciones sintéticas a indoles y benzofuranos a partir de alquinos u 
olefinas mediante procesos catalizados por paladio. 
Existen numerosas metodologías, catalizadas por paladio, orientadas a la 
formación de derivados de indol y benzofurano, las cuales pueden agruparse en función 
de si se construye el heterociclo a través de ciclaciones de precursores bencénicos, o 
bien a través del núcleo de indol o benzofurano ya formado. Una parte de las 
metodologías desarrolladas se centran en la construcción del anillo de cinco miembros 
utilizando como precursores, compuestos que contienen nucleófilos de nitrógeno u 
oxígeno así como la insaturación correspondiente, bien sobre la misma molécula o no.  
Debido a que en el trabajo desarrollado se emplea la desconexión a, se incluye a 
continuación una selección de los métodos descritos en la bibliografía para la síntesis de 
benzofuranos e indoles mediante catálisis de Pd por formación de los enlaces C2-O o C2-




A PARTIR DE OLEFINAS 
 
Los alcoholes o fenoles que presentan en su estructura sistemas alílicos o 
bencílicos pueden formar heterociclos oxigenados mediante la activación con un 
catalizador de Pd(II). Sin embargo, se ha prestado poca atención a la aplicación sintética 
de esta metodología hasta que Hosokawa y colaboradores estudiaron la ciclación de 
fenoles, empleando como oxidantes del Pd(0), sales de Cu(II) y O2 sin el empleo de otro 
co-oxidante. En uno de sus ejemplos, el o-alilfenóxido sódico, generado in situ, dio lugar, 
por tratamiento con PdCl2(PhCN)2, al producto de ciclación, que posteriormente 




Esta metodología se extendió a la obtención de heterociclos de diferente tamaño 
por medio de ciclaciones 5-endo-trig, 5-exo-trig o 6-endo-trig cuya regioselectividad 
estaba controlada por las condiciones de reacción. Adicionalmente, la versión 
enantioselectiva permitió obtener 2,3-dihidrobenzofuranos 2,2-disustituidos quirales no 
racémicos, empleando Pd(OCOCF3)2 o [Pd(CH3CN)4](BF4)2 como catalizador, un ligando 




Esta metodología también fue utilizada en la síntesis de indoles sustituidos en la 
posición C2 a partir de orto-alilanilinas, observándose que, en este caso, se requerían 
cantidades estequiométricas de paladio (Esquema 2.10) y que las condiciones de 
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Adicionalmente, Hegedus y colaboradores, llevaron a cabo la síntesis de indoles 
a partir de o-vinilanilinas, también con cantidades subestequiométricas de catalizador. Sin 
embargo, a pesar del potencial de esta transformación no se ha utilizado de manera 
habitual debido a las dificultades para obtener las o-vinilanilinas (Esquema 2.11). 65b 
Esquema 2.11 
 
Otro método que permite la síntesis de indoles sustituidos en C2 a partir de orto-
gem-dihalovinilanilinas, fue descrito por Buchwald-Hartwig. En este caso se trataba de 
una metodología que transcurría mediante una aminación y un acoplamiento cruzado (p. 
ej., la reacción de Suzuki-Miyaura o la reacción de Heck) catalizados por paladio 








La condensación de alquinos terminales con o-halofenoles y o-haloanilinas 
mediante un acoplamiento de Sonogashira y una ciclación in situ del intermedio obtenido 
en las condiciones de reacción es uno de los métodos más empleados en la síntesis de 
benzofuranos e indoles catalizada por paladio. Así, en presencia de cantidades catalíticas 
de Pd(II) [Pd(OAc)2(PPh3)2 o PdCl2(PPh3)2] y Cu(I), y una base (p. ej., piperidina, Et3N o 
1,1,3,3-tetrametilguanidina), los o-yodofenoles producen los correspondientes 
benzofuranos (Esquema 2.13). 69 
Esquema 2.13 
 
Aunque el primer ejemplo de la adición de una amina a un alquino catalizada por 
Pd(II) aparecía recogido en un trabajo de síntesis de pirroles y pirrolinas, 70 esta 
metodología fue rápidamente adaptada a la obtención de indoles a partir de 2-
alquinilanilinas utilizando PdCl2 como catalizador en presencia de n-Bu4NCl (Esquema 
2.14). Sin embargo, las drásticas condiciones de reacción utilizadas (HCl como cosolvente 
debido a la escasa solubilidad de los índoles NH-libres) reducen los rendimientos de 
ciclación de las alquinilanilinas sustituidas con un grupo arilo o heteroarilo en el extremo 
del alquino. 71 
Esquema 2.14 
 
En ocasiones, las drásticas condiciones de reacción permiten que se 
desencadenen reacciones en cascada, como por ejemplo, la hidrolisis del nitrógeno 
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portegido como carbamato asi como la deshidratación del alcohol, bien en el sustrato de 




El mecanismo propuesto para estas transformaciones, 73 en analogía con el 
mecanismo propuesto por Utimoto para la ciclación intramolecular catalizada por paladio 
de alquinilaminas 70, transcurre a través de la formación inicial del complejo π-
alquenilpaladio para posteriormente producirse el ataque nucleofilico intramolecular del 
heteroátomo nucleófilo al triple enlace activado previamente por el metal para dar lugar a 
un complejo XPdindol (o XPdbenzofurano) que es protonado a la vez que se regenera el 
catalizador, cerrando el ciclo (Figura 2.8). 
 
Figura 2.8. Mecanismo propuesto para la ciclación de o-alquinilfenoles (y anilinas) 
catalizada por paladio.  
 
Estos complejos intermedios XPdindol (o XPdbenzofurano) pueden ser atrapados 
por otros compuestos orgánicos, convenientemente funcionalizados, obteniéndose la 
funcionalización del indol (o benzofurano) en la posición 3. Esta estrategia es de especial 
interés en Química Médica, porque permite construir, por ejemplo, benzofuranos 
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altamente funcionalizados a partir de 2-alquinilfenoles en presencia de CO y metanol 





Alternativamente, estos complejos intermedios de Pd(II) pueden reaccionar, 
también, con olefinas a través de una reacción de Heck. Uno de los precedentes descritos 
en bibliografía al inicio de este proyecto, fue llevado a cabo Sakamato y colaboradores, 
quienes sintetizaron índoles 2,3-disustituídos, mediante una ciclación de alquinilanilinas 
protegidas como mesilatos  seguida de una reacción de Heck intermolecular con olefinas 
deficientes en electrones (Esquema 2.17). 76 Además del inconveniente de necesitar 
proteger la anilina del sustrato de partida y de la escasa diversidad de las olefinas que 
resultaron reactivas, los rendimientos obtenidos fueron moderados. Con otros reoxidantes 
como Cu(OAc)2, 2,3-dicloro-5,6-dicianobenzoquinona (DDQ), y 1-oxido de piridina, no se 
obtuvieron los productos deseados. 
Esquema 2.17 
 
Reactivos y condiciones: a. PdCl2, CuCl2, NaOAc, K2CO3, MeCN, 50 ºC, 1.5h, 32-74%. 
El otro precedente de este tipo de reacciones secuenciales catalizadas por 
paladio, permitía obtener índoles, a partir de anilinas protegidas como carbamatos, 
también disustituídos en C2 y C3 y transcurría a través de un proceso intramolecular con 
bajos rendimientos (Esquema 2.18). 77 




Reactivos y condiciones: a. PdCl2(PPh3)4, CuI, Et3N, 5-hexin-1-ol, 25 ºC, 3h, 96%. b. 
PCC, CH2Cl2, 25 ºC, 2h, 94%. c. 2-(Dimetilfosfono)acetato de metilo, DBU, LiCl, MeCN, 
25 ºC, 1h, 79%. d. PdCl2, CuCl2.2H2O, TBAF, THF, 70 ºC, 1h. e. TBAF, THF, reflujo, 5h, 
39% (ambas etapas). 
El empleo de ligandos fosfina dadoras permite reoxidar el Pd(0) en presencia de 
oxígeno (Esquema 2.19). 78 
Esquema 2.19. 
 
También se ha descrito la síntesis de indoles sustituidos en las posiciones C2 y 
C3 a partir de o-alquinilanilinas protegidas y compuestos carbonílicos α,β-insaturados a 
través de la secuencia de aminopaladacion y adición conjugada (Esquema 2.20). En este 
caso, el uso de LiBr es crucial para prevenir la formación de productos tipo Heck a través 






Utimoto y colaboradores describieron la ciclación de o-alquinilanilinas y posterior 
atrapado del intermedio de paladio con cloruros de alilo (un exceso de olefina de 10:1 con 
respecto al alquino) y observaron que el grupo protector era fundamental para la 
obtención del producto deseado, a expensas del 3H-indol que procedería de la 
protonacion del intermedio de paladio que se obtiene tras la ciclación. La presencia de un 
oxirano como scavenger de protones resultó ser crucial para prevenir la protonación y 




Recientemente, también, Zhu describió el acoplamiento oxidativo catalizado por 
PdX2 de o-alquinilanilinas con alquinos terminales en condiciones aeróbicas (Esquema 
2.22), que tras la N-ciclación de la alquinilanilina, la transmetalación del alquino al 
complejo de paladio y la eliminación reductora, se produce una N-desmetilación. Se 
identificaron numerosos productos secundarios asociados a los intermedios de la 
reacción, además de que los iones acetato y yoduro resultaron ser fundamentales en la 
canalización de la reacción hacia la obtención del producto deseado. Basándose en 
estudios cinéticos y espectroscópicos, se propuso el complejo intermedio de Pd(0) como 






Una estrategia análoga para la síntesis de benzofuranos sustituidos en las 
posiciones C2 y C3 se ha llevado a cabo a partir de alquinilfenoles y halogenuros o 




En este caso, la especie de Pd(II) (RPdOTf) se genera mediante la adición 
oxidante del triflato de alquenilo al Pd(0). Tras la formación del complejo η2 entre el metal 
y el alquino, se promueve la adición nucleófila del heteroátomo (oxígeno o nitrógeno) al 
triple enlace del alquino, en anti con respecto al metal, formándose una especie de 
alquenil-PdR susceptible de sufrir una eliminación reductora para obtener el roducto 





Figura 2.9. Mecanismo general propuesto para las ciclaciones de o-alquinilfenoles y o-
alquinilanilinas a través de complejos de Pd(II) generados a partir de la adición oxidante 
de R2X a Pd(0). 
Otra síntesis ilustrativa de estas transformaciones basadas en reacciones 
catalizadas por paladio secuenciales  es la que proporciona furo[2,3-b]piridonas a partir 
de alquinos, 2-yodopiridonas y haluros de arilo, 84 85 86 85 mediante una reacción de 
Sonogashira y una heteropaladación del alquino activado por el complejo de Pd(II) 
intermedio generado por adición oxidante al haluro de arilo (Esquema 2.24). 86a 87 
Esquema 2.24. 
 
Este procedimiento es la base de la síntesis de indoles llevada a cabo por Cacchi 
y colaboradores, quienes observaron que la o-alquinilanilina debe estar protegido como 
o-alquiniltriflluoroacetanilida, debido a que la acidez del enlace N-H juega un papel 
importante en la obtención de productos indeseados. Adicionalmente, observaron un 
efecto beneficioso del grupo trifluoroacetilo, debido quizás a que promueve bien la 
formación del anión nitrogenado que actúa como nucleófilo o bien una elongación del 
enlace N-H (N-H…Base), promoviendo la ciclación intramolecular. Independientemente 
del mecanismo de la ciclación, el complejo organopaladio intermedio parece ser menos 
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eficaz que el PdCl2 en la activación del triple enlace hacia el ataque nucleófilo 
intramolecular, como lo sugieren otros resultados descritos en bibliografía. 70 88 89 y amido. 
90 91 80 92 93 94 95 76 96 77 
 
En muchos casos, el grupo protector se desprotege en las mismas condiciones de 
reacción o en el proceso de elaboración, ahorrando así una posterior etapa de 
desprotección. 
Usando esta metodología, se han sintetizado un gran número de indoles 
sustituidos en las posiciones C-2 y C-3 a partir de o-alquiniltrifluroacetanilidas y haluros o 
triflatos de arilo, heteroarilo o vinilo, 97 ésteres alílicos, 98 haluros de alquilo, 99 y bromuros 
de alquinilo. 100. Los cloruros de arilo son más resistentes frente a la adición oxidante, lo 
que requiere del uso de ligandos fuertemente dadores como XPhos, aumentando la 




En la reacción intermolecular de o-halo-anilinas y o-halofenoles con alquinos 
disustituidos no simétricos, denominada heteroanulación de Larock, la regioselectividad 
en la etapa de adición sin del enlace arilo-Pd al triple enlace (carbopaladación) está 
controlada por factores estéricos, de tal forma que el grupo arilo se adiciona al carbono 
menos impedido y el paladio al más impedido (Esquema 2.26), 102 103 104 metodología que 





La heteroanulación de Larock a partir de o-yodoanilinas y alquinos disustituidos 
es uno de los más atractivos para la síntesis de indoles sustituidos en posiciones C2 y 
C3, ya que es compatible con la presencia de sustituyentes en la anilina (como acetamida 
o sulfonamida) y de diversos grupos funcionales. 107 108  Posteriormente, con la aparición 
de nuevos ligandos y catalizadores de paladio, el proceso en cascada se ha extendido a 




Una de las principales desventajas que presenta la heteroanulación de Larock es 
la pobre regioselectividad que se obtiene con algunos sustratos. Recientemente se ha 
desarrollado un procedimiento alternativo para la síntesis regioselectiva de indoles 
sustituidos en las posiciones C2 y C3, basada en una reacción de Sonogashira (sin cobre) 
de las o-yodotrifluoroacetanilidas, seguida de una aminopaladación promovida por Pd(II) 
(RPdX) y una eliminación reductora consecutivas produce indoles 2,3-disustituidos. Sin 
embargo, uno de los principales inconvenientes de esta metodología es la necesidad de 
proteger el grupo amino (aunque el producto sufre desprotección en las condiciones de 
reacción), y la obtención, en algunos casos, del producto monosustituído en la posición 






Se pueden evitar los problemas asociados al aislamiento y purificación de las 
inestables 2-yodoanilinas empleando como materiales de partida los ácidos 2-
yodobenzoicos, los cuales, por reordenamiento de Curtius y posterior ciclación catalizada 
por Pd(II), producen los indoles deseados en mejores rendimientos que los obtenidos 




2.2. LA REACCIÓN DE MIZOROKI-HECK EN SÍNTESIS DE BENZOFURANOS 
E INDOLES 
 
La capacidad de generar enlaces C-C ha convertido a los acoplamientos cruzados 
catalizados por paladio en herramientas imprescindibles en Síntesis Orgánica. Uno de los 
métodos destacados es la reacción de Mizoroki-Heck, debido a su elevada compatibilidad 
con diversos grupos funcionales y a su capacidad para sintetizar moléculas de elevada 
complejidad estructural, tanto cíclicos como lineales. 113 114 115 116 117 
La arilación y alquenilación de halogenuros insaturados mediada por paladio fue 
descubierta a finales de la década de los 60 de forma simultánea por los grupos de 
Moritani-Fujiwara 118 y de Heck. 119 En 1971, Mizoroki publicó resultados preliminares 
sobre la arilación, catalizada por paladio, de alquenos por yodobenceno. 120 
Posteriormente, se demostró la aplicabilidad del método y se refinaron las condiciones de 
reacción, sentando las bases conceptuales de los acoplamientos cruzados catalizados 
por Pd en síntesis orgánica (Figura 2.10), 121 y permitiendo el desarrollo de nuevos 




Figura 2.10. Esquema general de la reacción de Mizoroki-Heck. 
La reacción de Mizoroki-Heck difiere de otros acoplamientos cruzados catalizados 
por paladio en su clara dependencia con todos los factores presentes en el medio de 
reacción, como la cantidad de precatalizador, la naturaleza de la base, los aditivos, la 
temperatura e incluso el orden de adición de los reactivos. Esto implica que no existe un 
sistema catalítico universal para la reacción de Mizoroki-Heck ni un solo mecanismo que 
explique los resultados de esta transformación tan versátil. En las últimas décadas, la 
Síntesis Orgánica ha experimentado un gran avance metodológico que ha permitido la 
preparación de moléculas de elevada complejidad estructural con total quimio, regio y 
estereoselectividades. 123 124  
 
Figura 2.11. Macromoléculas sintetizads y descritas en bibliografía empleando la reacción 
de Mizoroki-Heck. 125 
En los últimos años se han desarrollado los procesos denominados dominó, (los 
términos “en cascada” o “en tándem” también se utilizan para definir estos procesos.) es 
decir, una serie de transformaciones consecutivas (generalmente, formación de enlaces 
C-C) que tienen lugar en las mismas condiciones de reacción, y en donde el producto de 
una de ellas, es el sustrato de la siguiente. Estas transformaciones pueden clasificarse 
como homo-dominó o hetero-dominó, en función de si combinan reacciones 
mecanisticamente similares o no, siendo las primeras las más extendidas en Síntesis 
Orgánica. Dentro de los procesos homo-dominó tienen gran interés aquellos catalizados 
por los metales de transición, debido a su eficacia en la construcción de carbociclos y 
heterociclos a partir de sus precursores acíclicos insaturados, especialmente la reacción 
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de Heck. A continuación, se mostrarán algunos ejemplos de reacciones dominó 
catalizadas por Pd, incluyendo la reacción de Heck, que conducen a compuestos de 
naturaleza heterocíclica, al igual que los que son objeto de este trabajo. 
 
Una secuencia en cascada de tres transformaciones catalizadas por paladio, la 
reacción intermolecular de sustitución nucleófila de un bromuro alílico para formar el aril 
vinil éter, seguida de una reacción de Heck intramolecular y, finalmente, un acoplamiento 
cruzado con un ácido borónico, permitió obtener dihidrobenzofuranos aunque con 
rendimientos moderados (Esquema 2.30). 126 
Esquema 2.30 
 
Se han sintetizado también esqueletos complejos de indolona por reacción de 
Heck que, en cascada con el atrapado del producto de inserción de CO en el intermedio 
de Pd(II), permite añadir un proceso de hidroformilación, carbonilación o esterificación 
(Esquema 2.31). 127 
Esquema 2.31 
 
También se han descrito procesos dominó donde se combina la reacción de 
Mizoroki-Heck con otros procesos no catalizados por paladio, como las reacciones 
pericíclicas (especialmente cierres electrocíclicos 128 y cicloadiciones), 129 captura de 
aniones, 130 aminaciones (Esquema 2.32), 131  reacciones aldólicas y reacciones de 
Michael, 132 metátesis 133 e isomerizaciones 134), lo que contribuye a incrementar la 





2.2.1. Reacción de Fujiwara-Moritani o Heck oxidante 
 
Un proceso potencialmente más efectivo que una reacción de Mizoroki-Heck 
clásica es el acoplamiento oxidativo de un areno (o heteroareno), ya que no se requiere 
la preparación previa de un halogenuro. Este proceso, denominado reacción de Fujiwara-
Moritani o Heck oxidante, 118 135 transcurre a través de la activación de un enlace C-H del 
areno, pero presenta la desventaja de que la elevada energía del enlace C-H (p. ej., de 
110 Kcal/mol en benceno) limita el uso de determinados arenos. Sin embargo la 
incorporación de sustituyentes activantes facilita el proceso de activación de enlaces C-H 
por complejos de Pd(II) (Figura 2.12). 136 
 
Figura 2.12. Esquema general de la reacción de Fujiwara-Moritani o Heck oxidante. 
Aunque las primeras versiones descritas empleaban cantidades estequiométricas 
de Pd(II) y transcurrían con bajos rendimientos, pronto se desarrollaron protocolos más 
eficientes para la sustitución aromática de olefinas con un catalizador anaeróbico, como 
el perbenzoato de tert-butilo (Esquema 2.33). 137 
Esquema 2.33 
 
Desde la publicación del primer ejemplo de su aplicación sintética, 138 la reacción 
de Fujiwara-Moritani intramolecular ha sido extensamente usada en síntesis de 
heterociclos, debido a que se pueden obtener ciclos de diferente tamaño, muy difíciles de 
sintetizar por otras vías, como por ejemplo, la obtención del esqueleto de carbazol-1,4-






Se han obtenido también benzofuranos a partir de o-alil aril éteres mediante 
catálisis oxidativa utilizando Pd(OAc)2, ligandos derivados de piridina y O2 en tolueno a 
80 ºC. La sustitución del ligando es crucial, ya que los grupos ricos en electrones 
disminuyen la reactividad mientras que los grupos atrayentes de electrones la 




Se ha empleado también para la funcionalización de indoles y la incorporación de 
grupos alquenilo en C3, como el acoplamiento oxidativo de N-2,6-diclorobenzoilindoles y 
N-tosilindoles y acrilato de etilo en presencia de una cantidad estequiométrica de 
Pd(OAc)2 en ácido acético, que proporciona 3-alquenilindoles, aunque en bajos 
rendimientos (Esquema 2.36). 141 Estos rendimientos mejoran sustancialmente 




Se han desarrollado condiciones de reacción que permiten llevar a cabo la 
funcionalización de indoles, 144 145 146 de forma selectiva, en las posiciones C2 o C3, 
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habiéndose encontrado que la regioselectividad depende de la naturaleza del disolvente. 
Así, con disolventes coordinantes, como DMSO y CH3CN, se obtiene el indol sustituido 
en posición C3, mientras que cuando se utiliza un disolvente menos coordinante, como el 
1,4-dioxano, se produce mayoritariamente el producto de sustitución en C2 
termodinámicamente favorecido, tras migración del intermedio de paladio generado 
inicialmente en C3 (Esquema 2.37). 
Esquema 2.37 
 
Wang y colaboradores, durante la realización de este trabajo, han descrito también 
una alquenilación intermolecular de indoles en posición C-3 catalizada por Pd(II), durante 
el cual el paladio es reoxidado únicamente con oxígeno. La reacción es completamente 
regio- y estereoselectiva. Todos los productos obtenidos son isómeros E en la posición 
C-3, no obteniéndose isómeros Z ni sustituciones en la posición C-2 (Esquema 2.38). 147. 
Esquema 2.38 
 
En la síntesis del esqueleto de la ibogamina se empleó una variante de la reacción 
de Fujiwara-Moritani tratando el derivado de indol con cantidades estequiométricas de 
PdCl2(CH3CN)2 y AgBF4. El intermedio alquil-paladio resultado de la funcionalización en 





2.3. SÍNTESIS DE BENZOFURANOS 2,3-SUSTITUÍDOS MEDIANTE UNA 
REACCIÓN DE O-CICLOPALADACIÓN-HECK OXIDANTE EN CASCADA. 
PRECEDENTES 
 
Actualmente, la pregunta no es solamente “qué podemos sintetizar” sino “cómo 
podemos hacerlo mejor”, dado que se requiere no solamente una absoluta selectividad 
en todos los aspectos sino también aumentar la eficiencia, ser tolerante con el medio 
ambiente y optimizar la utilización de los recursos disponibles. Sin embargo, alcanzar 
estos objetivos es difícil si tenemos en cuenta que la Síntesis Orgánica se basa en una 
secuencia de etapas consecutivas donde en cada etapa se forma, normalmente, un 
enlace. 149  
Teniendo esto en cuenta y que en numerosos compuestos con interesantes 
aplicaciones, tanto en la industria farmacéutica como en la agroquímica o de polímeros, 
está presente un heterociclo que en numerosas ocasiones es un indol o un benzofurano, 
hemos desarrollado recientemente una metodología de síntesis de benzofuranos 
sustituidos en las posiciones C2 y C3 catalizada por paladio a partir de los 
correspondientes orto-(alquinil)fenoles, los cuales fueron obtenidos a partir de los yoduros 





Figura 2.13. Esquema general propuesto para la metodología desarrollada para la 
síntesis de benzofuranos mediante una secuencia de oxipaladación-Heck en cascada de 
o-(alquinil)fenoles. 
Se exploraron diferentes condiciones de reacción que permitiesen optimizar el 
proceso y comprobar su eficacia y versatilidad. Inicialmente se utilizaron las condiciones 
desarrolladas por el grupo de Aurrecoechea para la síntesis de furanos, que incorporaban 
una reacción de Heck como última etapa. 151 ¡Error! Marcador no definido.Ello permitió 
obtener el producto deseado en un rendimiento bajo (11%, entrada 1, Tabla 2.1). El 
empleo de otros disolventes, temperaturas y la ausencia de LiCl del medio de reacción no 
mejoraron de manera importante los resultados obtenidos (entradas 2 y 3). La sustitución 
del catalizador de Pd(0) inicial por la combinación de Pd2dba3 y PPh3 condujo 
exclusivamente al 3H-benzofurano correspondiente (entrada 4). Sin embargo, el empleo 
de KI, inspirado en las condiciones utilizadas por Ma y colaboradores 60, 152 para llevar a 
cabo un acoplamiento oxidante, en ausencia de la base, permitió obtener el producto 
deseado en rendimientos moderados (entradas 5 y 6). 
 
 
Tabla 2.1. Exploración inicial de las condiciones de reacción de la oxipaladación-Heck 
oxidante de o-(alquinil)fenoles.a 
No R Condicionesb t (h) Rendimiento (%)c 
1d C6H13 Pd(PPh3)4, Et3N (5), LiCl (4), THF, 60 °C 20 11 (2.8) 
2 C6H13 Pd(PPh3)4 (0.1), Et3N (10), DMF, 25 ºC 8 10 (2.8) 
3 C6H13 Pd(PPh3)4 (0.1), Et3N (10), tolueno,  25 ºC 24 34 (2.8) 
4d C6H13 Pd2(dba)3, PPh3 (0.2), Et3N (10), DMF,  25 ºC 11 60 (2.10) 
5e p-tolilo Pd(PPh3)4, KI (0.5), DMF, 80 °C 20 50 (2.7) 
6f p-tolilo Pd2dba3, PPh3 (0.2), KI (0.5), DMF, 80 °C 20 56 (2.3) 
7d C6H13 Pd(OAc)2 (0.1), PPh3 (0.2), LiCl (5), K2CO3 (7), 
Cu(OAc)2 (2.1), DMF, 25 ºC 
5 20 (2.8) 
8g p-tolilo Pd(OAc)2, Et3N (5), DMF, 80 °C 20 -- 
9 C6H13 PdCl2 (5%), KI (0.5), DMF, 80 °C 20 62 (2.8) 
aSe usaron 0.05 equivalentes de Pd y 6 equivalentes de acrilato de n-butilo con respecto al fenol 
de partida. bSe indica entre paréntesis el número de equivalentes con respecto al producto de 
partida. cSe indica entre paréntesis el producto obtenido. dSe usaron 4 equivalentes de acrilato de 
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n-butilo. eEl producto estaba impurificado. fSe recuperó parcialmente el producto de partida (56%). 
gSe observó la degradación de los productos. 
En este punto consideramos pertinente emplear un catalizador de Pd(II) que inicie 
directamente la reacción sin necesidad de etapas de oxidación previas. Así, se ensayaron 
las condiciones utilizadas por Alcaide y colaboradores 153 para llevar a cabo una reacción 
de Mizoroki-Heck entre un bromuro vinílico y acrilato de metilo (entrada 7), obteniéndose 
exclusivamente el producto de ciclación-Heck pero en un rendimiento bajo. La sustitución 
directa del catalizador de Pd(0) de la entrada 2 por una especie de Pd(II) y la disminución 
de los equivalentes de base, que parece tener un efecto perjudicial, condujeron a la 
degradación de los productos (entrada 8). Inicialmente se plantéo el uso de Pd(OAc)2, 
dados los precedentes bibliográficos 154 que indicaban que este catalizador, en ausencia 
de ligandos adicionales, permitía obtener selectivamente los productos tipo Heck frente a 
los resultantes de una adición conjugada. 
Finalmente, el empleo de PdCl2 permitió aumentar el rendimiento del proceso a 
un 62% (entrada 9). Las mejores condiciones obtenidas se seleccionaron como referencia 
para una optimización pormenorizada de los equivalentes de cada uno de los reactivos 
necesarios, utilizando como material de partida el o-alquinilfenol 2.3 (Tabla 2.2). La 
selección de 2.3 como modelo es debida a su mayor estabilidad, ya que 2.4 (R = n-hexilo) 
se descompone parcialmente durante la purificación mediante cromatografía en columna. 
La cantidad de PdCl2 óptima es de un 5% molar, y cantidades superiores del 
catalizador disminuyen el rendimiento (entradas 1, 2 y 3). En ausencia de oxígeno 
(entrada 4) la reacción transcurre en un 20% de rendimiento. El proceso también tiene 
lugar con otros aditivos yodados, como la sal no metálica n-Bu4NI (entrada 5) o yodo 
molecular (entrada 6), aunque su efecto beneficioso es menor que el de KI. Sin embargo, 
en ausencia de KI el rendimiento de la reacción disminuye a un 76% (entrada 7). Se 
usaron otras especies de Pd(II), como PdCl2(PPh3)2 y Pd(OAc)2 (entradas 8 y 9), pero el 
rendimiento de la reacción fue inferior al obtenido con PdCl2 (entrada 3). El exceso de 
olefina es otro de los factores que se revelaron como importantes, ya que la disminución 
de 6 equivalentes a entre 1 y 3 equivalentes provocó un descenso del rendimiento, junto 
con la formación del producto de cicloisomerización en cantidades moderadas. En la 





Tabla 2.2. Optimización sistemática de las condiciones de reacción.a 
No Condicionesb Rendimiento (%)c,d 
1 PdCl2 (20 mol %), KI (0.5) 77 (2.7) 
2 PdCl2 (10 mol %), KI (0.5) 88 (2.7) 
3 PdCl2, KI (0.5) 94 (2.7) 
4 PdCl2, KI (0.5), Argón 20 (2.7) 
5 PdCl2, n-Bu4NI (0.5) 82 (2.7) 
6 PdCl2, I2 (5 mol %) 76 (2.7) 
7 PdCl2, sin KI 76 (2.7) 
8 PdCl2(PPh3)2, KI (0.5) 81 (2.7) 
9 Pd(OAc)2, KI (0.5) 72 (2.7) 
10e PdCl2, KI (0.5) 45:20 (2.7/2.9) 
11f PdCl2, KI (0.5) 42:14 (2.7/2.9) 
12g PdCl2, KI (0.5) 47:20 (2.7/2.9) 
aSalvo que se indique otra cosa, se usaron 0.05 equivalentes de Pd y 6 
equivalentes de acrilato de n-butilo con respecto al fenol de partida. bSe indica 
entre paréntesis el número de equivalentes con respecto al producto de partida. 
cRendimiento aislado (%). dSe indica entre paréntesis el producto obtenido. eSe 
usó 1 equivalente de acrilato de n-butilo. fSe usaron 2 equivalentes de acrilato de 
n-butilo. gSe usaron 3 equivalentes de acrilato de n-butilo.  
Los resultados expuestos en la Tabla 2.2 indican que las condiciones óptimas para 
la secuencia oxipaladación-Heck oxidante de un o-(alquinil)fenol y acrilato de n-butilo 
consisten en el calentamiento a 80 ºC durante 20 h del sustrato fenólico con un exceso 
del acrilato (6 equivalentes), en presencia de PdCl2 (5 mol%), KI (0.5 equivalentes) y aire 
en DMF (0.08 M respecto al fenol de partida). 
Para estudiar la tolerancia de esta metodología a la sustitución del sustrato, tanto 
en el areno como en el extremo terminal del alquino, se abordó la preparación de 
benzofuranos sustituidos a partir de alquinilfenoles previamente sintetizados. En todos los 
casos, (Tabla 2.3) se obtuvieron los productos deseados en rendimientos que varían de 
moderados a excelentes, demostrando que las condiciones de reacción desarrolladas son 




Tabla 2.3. Síntesis general de 3-alquenilbenzofuranos por oxipaladación-
Heck oxidante de o-(alquinil)fenoles. 
No R1, R2, R3, R4 t (h) Rendimiento (%)a 
1 n-C6H13, H, H, H (3.4) 20 62 (2.8) 
2 n-C6H13, -C((CH3)2)-CH2CH2-((CH3)2)C-, H (3.12) 20 57 (2.15) 
3 p-tolilo, H, H, H (3.3) 20 91 (2.7) 
4 p-tolilo, CO2Me, H, H (3.6) 7 99 (2.16) 
5 p-(CO2Et)C6H4, tBu, H, tBu (3.13) 20 75 (2.17) 
6 TMS, H, H, H (3.5) 20 79 (2.18) 
7b p-tolilo, OMe, H, H (3.14) 20 34 (2.19) 
aSe indica entre paréntesis el producto obtenido. bSe recupera un 50% del material 
de partida. 
La reacción del alquinilfenol 2.6 transcurrió en 7h y proporcionó el producto 
deseado en un rendimiento cuantitativo. Este comportamiento puede ser atribuido a la 
mayor acidez del benzofurano protonado con un grupo atrayente de electrones en 
posición para que facilite la desprotonación tras la oxipaladación. La comparación de los 
pKa del fenol (18.0), 4-hidroxibenzonitrilo (13.2), 4-metilfenol (18.9) y 4-metoxifenol (19.1), 
indica que la acidez de los fenoles se ve notablemente modificada por los grupos en para 
al hidroxilo 155. Es también posible que la oxipaladación transcurra más rápido, y estas 
etapas pueden ser consecutivas o producirse de forma simultánea a través de un 
mecanismo concertado. En concordancia con este resultado, la presencia de un grupo 
dador en para (entrada 7, Tabla 2.3) condujo al benzofurano 2.19 en un rendimiento del 
34%, recuperándose un 50% del material de partida tras 20h de reacción. 
Esquema 2.40a 
 
Adicionalmente, la metodología desarrollada puede ser empleada para la síntesis 
de benzofuranos monosustituidos partiendo de alquinilfenoles derivados del TMS-
acetileno (entrada 6, Tabla 2.3), como se indicó anteriormente. Así, el 2-
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trimetilsililbenzofurano 2.18 se desprotegió con TBAF para dar lugar al correspondiente 
benzofurano 2.20 (Esquema 2.40). 
Finalmente, y para incrementar la versatilidad y utilidad sintética del método, se 
varió la olefina utilizada para poder incorporar diversidad estructural en la posición C3 del 
benzofurano. Para ello, se seleccionaron diversas olefinas α,β-insaturadas, tanto acíclicas 
como cíclicas (las últimas especialmente poco reactivas en la reacción de Heck 156 157 158) 
monosustituidas y disustituidas (Tabla 2.4). 
 
Tabla 2.4. Síntesis general de 3-alquenilbenzofuranos por oxipaladación-Heck 
oxidante de o-(alquinil)fenoles con distintas olefinas. 
No Alqueno T (ºC) R1, R2 Rendimiento (%)b 
1a acrilato de butilo 80 H, CO2nBu 91 (2.7) 
2c (E)-but-2-enoato de metilo 80 Me, CO2Me 70 (2.21) 
3 metilvinilcetona 80 H, COMe 91 (2.22) 
4 (E)-pent-3-en-2-ona 80 Me, COMe 56 (2.23) 
5 ciclohexanona 100 (CH2)3CO 31 (2.24) 
6 ciclopentanona 100 (CH2)2CO 36 (2.25) 
7 acrilamida 100 H, CONH2 50 (2.26) 
8d (E)-but-2-enamida 100 Me, CONH2 43 (2.27) 
9e,f acrilonitrilo 100 H, CN 60 (2.28) 
10g,h but-2-enonitrilo 80 Me, CN 57 (2.29) 
11 metil vinil sulfona 100 H, SO2Me 57 (2.30) 
12 estireno 80 H, Ph 60 (2.31) 
aEntrada 3, Tabla 2.3. bSe indica entre paréntesis el producto obtenido. cSe obtuvo una mezcla 
2.21:2.32 (Figura 2.14) en relación 1:1. dSe obtuvo una mezcla 2.27:2.33 (Figura 2.14) en relación 
1:1.5. eLa reacción se llevó a cabo en tubo sellado. fSe obtuvo una mezcla de isómeros E/Z en 
relación 3:1. gEl alqueno de partida era una mezcla de isómeros E/Z en relación 1:1. hSe obtuvo 
una mezcla de isómeros E/Z en relación 1.2:1. 
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En todos los casos se obtuvieron los productos esperados con elevada o total 
regioselectividad y estereoselectividad, siendo los rendimientos mayores con metil vinil 
cetona y acrilato de n-butilo (entradas 1 y 3, Tabla 2.4). Los rendimientos obtenidos (40-
71%) para las olefinas sustituidas en posición β (entradas 2, 4, 8 y 10) son similares a los 
recogidos en la bibliografía para olefinas que presentan el mismo tipo de sustitución. Sin 
embargo, en dos casos (entradas 2 y 8) se obtuvieron los productos deseados 
acompañados de un regioisómero resultado de un proceso de hidropaladación-
deshidropaladación que actúa sobre el producto de reacción. Este proceso, promovido 
por el hidruro de paladio (HPdX) que se obtiene al final del ciclo catalítico de la reacción 
de Heck, no se observa en condiciones habituales debido a la presencia de una base que 
atrapa el HX formado por eliminación a partir del reactivo de paladio (Figura 2.14). Esta 
isomerización se favorece en estos casos debido a la estructura trisustituída y conjugada 
con un grupo atrayente de electrones de la olefina. 159 
 
Figura 2.14. Regioisómeros de alquenilbenzofuranos obtenidos con (E)-but-2-enoato de 
metilo y (E)-but-2-enamida como olefinas. 
En general, se observó que las olefinas sustituidas en posición β necesitaban una 
mayor temperatura de reacción (100 ºC), lo que resulta en una disminución de los 
rendimientos obtenidos. Los peores resultados se observaron con las cetonas cíclicas 
(entradas 5 y 6) y no pudieron ser mejorados modificando las condiciones de reacción. 
El uso de metil vinil sulfona y estireno proporcionó los benzofuranos 
monosustituídos en rendimientos aceptables (entradas 11 y 12). Sin embargo, no existen 
muchos ejemplos en la bibliografía de su uso en la reacción de Heck, debido a su escasa 
reactividad, lo que obliga a utilizar temperaturas elevadas (120 ºC) o condiciones 
diseñadas específicamente para dichos sustratos. 160 161  
Es importante señalar la elevada estereoselectividad obtenida para la mayor parte 
de los ejemplos mostrados en la Tabla 2.4, así como los resultados con metil vinil sulfona 
y el estireno debido a su baja reactividad en la reacción de Mizoroki-Heck. 
Usando acrilonitrilo (entrada 9) se obtuvo una mezcla de dos productos de 
reacción en una relación 3:1, que se identificaron como isómeros E/Z del doble enlace, lo 
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cual parece indicar la escasa preferencia energética por la eliminación competitiva en sin 
de los hidrógenos en α al Pd, debido al pequeño tamaño del nitrilo (Figura 2.15). 162 155 
 
Figura 2.15. Mecanismo propuesto para las β-eliminaciones que conducen a la mezcla 


















































El descubrimiento de fármacos y su desarrollo ha mejorado la calidad de vida en 
los últimos cien años, así como la esperanza de vida, como ninguna otra disciplina 
científica. Este hecho se ha visto impulsado principalmente por el desarrollo de la Química 
Médica, una disciplina tradicionalmente enraizada en la Síntesis Orgánica y que se refiere 
al descubrimiento, desarrollo, identificación e interpretación del modo de acción de 
compuestos biológicamente activos tanto a nivel molecular como celular. En su forma 
moderna, la Química Médica se encuentra intercalada entre la detección del objetivo 
biológico y la aplicación clínica. Se centra en la identificación de objetivos y validación de 
dianas terapéuticas. 
Sin embargo, la complejidad del desarrollo de fármacos y el éxito para llevar un 
medicamento al mercado, todavía se enfrenta a numerosos problemas y presenta altas 
tasas de fracaso, así como un aumento en los costes de I + D. 163 Las etapas finales del 
estudio de un fármaco, implican la producción del principio activo en cantidad y calidad 
adecuada para permitir la experimentación con animales a gran escala, y los ensayos 
clínicos en humanos a continuación. Esto implica la optimización de una ruta sintética 
para la producción industrial, y la descripción de la formulación del fármaco más 
adecuado. Es en esta etapa donde la Química Orgánica Sintética desempeña su 
importante papel, ya que se requiere la adaptación y optimización de la síntesis a escala 
industrial (kilogramos o más) para lo que se necesita de un conocimiento profundo de la 
práctica sintética en el contexto de las reacciones a gran escala (la termodinámica de la 
reacción, la economía, la seguridad, etc.).  
En este sentido, existe la percepción de que la Química Médica utiliza 
tradicionalmente sólo una pequeña parte de las transformaciones sintéticas disponibles, 
ignorándose muchas clases de reacciones y procesos que permiten la síntesis 
enantioselectiva de estructuras con múltiples centros estereogénicos. Como 
justificaciones, suelen citarse la presión comercial y la competitividad, ya que el objetivo 
en las secciones de Química Médica de las industrias farmacéuticas es descubrir 
candidatos clínicos lo antes posible, por lo que las metodologías robustas son las 
preferidas y, normalmente, los químicos orgánicos sintéticos tienen poco tiempo para 
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desarrollar y optimizar una ruta sintética. Sin embargo, en los últimos años estamos 
asistiendo a la incorporación, en la síntesis de fármacos a nivel industrial, de procesos 
sintéticos robustos para la formación de enlaces C-X Y C-C, como la aminación de 
Buchwald-Hartwig o los acoplamientos cruzados de Stille, Negishi y Suzuki, a pesar de 
que emplean catalizadores de paladio en cantidades subestequiométricas. 164 165 
 
A pesar de que la síntesis total de productos naturales y compuestos 
biológicamente activos ha alcanzado un nivel de sofisticación extraordinario, todavía 
estamos lejos de la Síntesis Ideal y, con frecuencia, nos encontramos con largas 
secuencias sintéticas que requieren de la protección de diferentes grupos funcionales así 
como procedimientos de purificación costosos derivados del protocolo step-by-step. 
Uno de los hitos que marcó un punto de inflexión en la Síntesis Total de productos 
naturales, fue a mediados de la década de 1990, con la realización de la síntesis de 
palitoxina  por Y. Kishi y colaboradores. 166 167 Dejando a un margen el atractivo de sus 
propiedades biológicas, lo que realmente llamó la atención de la comunidad científica 
sintética en ese momento era su tamaño y complejidad estructural y su síntesis fue 
descrita solo 12 años después de su elucidación estructural y fue considerada como “el 
monte Everest de la Síntesis Orgánica”, es decir, la molécula más grande que nadie  ha 
imaginado sintetizar. Durante los estudios hacia la síntesis de palitoxina, Kishi y 
colaboradores se enfrentan con el reto de transformar un aldehído en un alcohol alílico y 
para ello exploraron varios procedimientos sintéticos descritos hasta el momento, sin 
éxito; finalmente, el empleo de un protocolo descrito por Takai e Hiyama 168 que empleaba 
haluros de vinilo y CrCl2 anhidro les llevó, inicialmente, a obtener pequeñas cantidad del 
alcohol alílico. Posteriormente, la dependencia de los resultados obtenidos con la calidad 
del CrCl2, les llevó a descubrir que tanto el NiCl2 como el Pd(OAc)2,catalizaban esta 
transformación haciendo los resultados reproducibles y les llevó a describi un protocolo 





Figura 3.1. Estructura de la Palitoxina, cuya síntesis llevó a Kishi y colaboradores 
a describir la reacción de Nozaki-Hiyama-Kishi 
Desde entonces muchos científicos coinciden en que la síntesis de productos 
naturales y biológicamente activos, continúa siendo un campo muy valorado como un 
banco de pruebas de las nuevas metodologías desarrolladas así como un “entorno 
complejo” para el descubrimiento de nuevas transformaciones. En este sentido, en los 
últimos años la Síntesis Orgánica se ha centrado en dos líneas claramente diferenciadas: 
por una parte en el desarrollo de nuevas estrategias para resolver evitar el empleo de 
grupos protectores y reducir las síntesis totales empleando criterios de economía atómica, 
procesos redox y secuencias libres de grupos protectores; y por otra, el desarrollo de 
protocolos más robustos. 169 
Muchas e interesantes transformaciones se han descubierto, recientemente, 
durante estudios orientados hacia la síntesis de productos naturales y posteriormente se 
han convertido en nuevas metodologías de utilidad sintética general. Es en este contexto 
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donde se enmarca el trabajo que se mostrará a continuación, y más concretamente en la 
puesta a punto de una nueva metodología sintética que permite acceder de forma rápida 
y directa a dos motivos estructurales considerados como privilegiados, en el diseño de 
nuevos compuestos biológicamente activos, como son el benzofurano y el indol.  
Como se ha indicado anteriormente, recientemente hemos descritos una nueva 
metodología para la síntesis de benzofuranos mediante una reacción de O-ciclación y 
Heck oxidante de alquinilfenoles catalizada por paladio. En esta tesis se pretende abarcar 
los objetivos que se muestran a continuación: 
1. Extensión de la metodología descrita a la síntesis de indoles 2,3-sustituidos 
a partir de orto-alquinilanilinas de tal forma que no se requiera la protección 
del nitrógeno. 170  
2. Su aplicación hacia la síntesis de heterociclos más complejos, 
estructuralmente relacionados con los benzofuranos e índoles, hexahidro-
1H-carbazol y hexahidrodibenzo[b,d]furano, por reacción de ciclopaladación-
Heck oxidante en cascada, en su vesión intramolecular. 171 
 
Figura 3.2. Extensión de la metodología desarrollada, recogida en los tres 
primeros objetivos del trabajo recogido en esta memoria 
 
3. Teniendo en cuenta que la metodología emplea orto-alquinilanilinas u orto-
alquinilbenzofuranos como materiales de partida, los cuales son obtenidos a 
su vez mediante otra reacción catalizada por paladio, se plantea como 
objetivo de este trabajo el desarrollo de un proceso “one-pot”,para llevar a 
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cabo, de forma quimioselectiva, la reacción de los tres componentes en una 
sola etapa, realizando así una secuencia Sonogashira–Heterociclación–
Heck, catalizada por paladio. 172 
4. La aplicación del proceso secuencial  de la reacción de ciclopaladación-Heck 
oxidante en su versión intramolecular a la síntesis de 7-alquilideno-7,12-
dihidroindolo[3,2-d]benzazepin-6-(5H)-onas (paulonas), y el estudio de su 
actividad como moduladores de sirtuinas. 173 
 
  
Figura 3.3. Aplicación de la metodología a la construcción de benzazepinonas, 
tanto por el proceso secuencial como por el “one-pot” y caracterización de su perfil 
biológico frente a moduladores epigenéticos, como parte de los objetivos 4 y 5 de esta 
memoria. 
5. La aplicación del proceso ‘one-pot’ a la síntesis de una nueva colección de 
compuestos derivados de benzazepinonas (paulonas) y el estudio del 
mecanismo.  
 
6. Adicionalmente, y como objetivo final se propone emplear la 
cicloisomerización-Heck oxidante para la síntesis de precursores insaturados 





Figura 3.4. El último objetivo recogido en esta memoria pretende demostrar la 






















4. A GENERAL SYNTHESIS OF ALKENYL-
SUBSTITUTED BENZOFURANS, INDOLES, 
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Structurally diverse C3-alkenylbenzofurans, C3-alkenylindoles, and C4-alkenyl-
1H-isochromen-1-imines are efficiently prepared using consecutive Sonogashira and 
cascade Pd-catalyzed heterocyclization/oxidative Heck couplings from readily available 
ortho-iodo-substituted phenol, aniline and benzamide substrates, alkynes and 
functionalized olefins. The cyclization of O- and N-heteronucleophiles follows 
regioselective 5-endo-dig- or 6-endo-dig-cyclization modes whereas the subsequent 
Heck-type coupling with both mono- and disubstituted olefins takes place stereoselectively 
with exclusive formation of E isomers in most cases. 
4.1 INTRODUCTION 
 
Palladium-catalyzed cascade heterocyclization/Heck-type coupling reactions have 
found application in recent years in the synthesis of heterocyclic derivatives. 174 76-77 175 153b 
176 177 178 151 179 180 In these reactions Pd(II) usually activates a C-C π-bond toward 
nucleopalladation with a tethered nucleophile, and the resulting organopalladium 
intermediate then reacts with an alkene through carbopalladation and β-H elimination 
steps. External oxidants are required to render the reaction catalytic in Pd(II) by oxidation 
of the Pd(0) species produced in the last step. 181 182 183 136 Different functionalities, both 
oxygen 174 153b 176 178 151 179 and nitrogen based 180 76-77 177 178 have been documented as 
nucleophilic partners, usually of the NuH type, 175 whereas, in most cases, the participating 
π-bond has been the constituent of a C=C double bond (either alkene or cumulene). In 
contrast, the use of C≡C triple bonds, as exemplified in Scheme 4.1, has been restricted 




Scheme 4.1. A Cyclization/Heck Cascade. 
We realized that the tactical combination of a Sonogashira reaction from 2-haloaryl 
heteroatom derivatives 4.1-4.3, followed by an oxidative cyclization/Heck cascade, had 
the potential to become a general and practical approach to the preparation of alkenyl-
substituted heterocyclic derivatives 4.9-4.12 (Scheme 4.2). An added benefit of this 
strategy would be structural diversity in products 9-12 emanating from variations in the 
starting halide- and alkyne-derivatives 4.1-4.3 and 4.4, respectively, as well as from the 
use of a variety of alkene coupling partners 4.8. To explore these possibilities, we targeted 
the corresponding reactions of 2-alkynylphenols (4.5, YH = OH), -anilines (4.6, YH = NHR'', 
R'' = H or alkyl) and -carboxyamides (4.7, YH = CONHR''), whereby formation of products 
4.9-4.11 would involve either 5- or 6-endo-dig cyclizations, whereas the alternative 5-exo-
dig- process (in the case of 4.7)  could lead to 4.12. Because both 5-exo- and 6-endo-
cyclizations have been reported for 2-alkynylbenzamides 4.7 (YH = CONHR'') under Pd-
catalyzed conditions, 184 185 186 the control of the regiochemistry of cyclization became an 




Scheme 4.2. Strategy for preparation of heterocyclic derivatives 4.9-4.12. 
As a result of those studies, 179 we now report cascade nucleopalladation/Heck 
processes, encompassing 5-endo- and 6-endo-dig cyclizations, leading to structurally 
diverse 3-alkenylbenzofurans (4.9), 3-alkenylindoles (4.10), and 4-alkenyl-1H-
isochromen-1-imines (4.11) from Sonogashira products 4.5-4.7 and substituted alkenes 
4.8. Products 4.9-4.11 are related to compounds with interesting biological profiles 187 and, 
therefore, represent valuable targets. The synthesis of 3-(3-oxoprop-2-enyl)benzofurans 
has often been realized using either Wittig reactions from 3-formyl-derivatives 188 or Heck 
couplings from appropriate halo-derivatives. 188 189  In comparison, the one-pot cascade 
palladium-catalyzed cyclization/Heck-coupling reported here (Scheme 4.2) is a more 
direct and potentially versatile route, and this strategy would also benefit from the ready 
availability of substrates 4.5-4.7 via Sonogashira-type reactions. 190 191 192 193 194 195 This 
type of strategy has already been employed in the synthesis of 3-alkenylindoles, but the 
reported methodology was found to present important limitations. 76-77 For example, the 
amino group had to be suitably protected as a carbamate (YH = NHCOR) or sulfonamide 
(YH = NHSO2R) for successful cyclization and subsequent coupling reaction, and an 
elaborate synthetic route was needed for sulfonamide substrate preparation. Other 
important shortcomings included a limited scope, particularly in the alkene partner involved 
in the Heck coupling. 144, 196 79, 197 198 




Representative substrates 4.5-4.7 were prepared straightforwardly, as indicated in 
Scheme 4.2, from appropriate halide and alkyne precursors (4.1-4.3 and 4.4, respectively) 
under typical Sonogashira conditions (see Supporting Information). 
A survey of reaction conditions was then performed with representative 2-
alkynylphenol substrates in couplings with n-butyl acrylate (Table 4.1). Initially 4.5a was 
used under a range of reaction conditions with a common base, which was thought to be 
useful as a trap for the acid released in the cyclization and Heck reactions (entries 1-5).  
Table 4.1. Survey of reaction conditions for preparation of benzofurans 4.9a or 
4.9b[a,b]  
 
Entry 4.5 Conditionsb t 
(h) 
4.9/4.13 Yieldc
1 4.5a Pd(PPh3)4, Et3N (5), LiCl (4), THF, air, 60 °Cd 20 4.9a 11 
2 4.5a Pd(OAc)2 (0.1), PPh3 (0.2), LiCl (5), K2CO3 (7), 
DMF, air, Cu(OAc)2 (2.1), rtd 
5 4.9a 20 
3 4.5a Pd(PPh3)4 (0.1), Et3N (10), DMF, air, rt 8 4.9a 10 
4 4.5a Pd(PPh3)4 (0.1), Et3N (10), toluene, air, rt 24 4.9a 34 
5 4.5a Pd2(dba)3, PPh3 (0.2), Et3N (10), DMF, air, rtd 11 4.13a 60 
6 4.5a PdCl2, KI (0.5), DMF, air, 80 °C 20 4.9a 62 
7 4.5b PdCl2, KI (0.5), DMF, air, 80 °C 20 4.9b 94 
8 4.5b PdCl2, Bu4NI (0.5), DMF, air, 80 °C 20 4.9b 82 
9 4.5b PdCl2, DMF, air, 80 °C 20 4.9b 76 
10 4.5b PdCl2(PPh3)2, KI (0.5), DMF, air, 80 °C 20 4.9b 81 
11 4.5b Pd(OAc)2, KI (0.5), DMF, air, 80 °C 20 4.9b 72 
12 4.5b Pd(OAc)2, Et3N (5), DMF, air, 80 °C 20 - e 
13 4.5b Pd(PPh3)4, KI (0.5), DMF, air, 80 °C 20 4.9b < 50f 
14 4.5b Pd2dba3, PPh3 (0.2), KI (0.5), DMF, air, 80 °C 20 4.9b 41g 
15 4.5b PdCl2, KI (0.5), DMF, Ar, 80 °C 20 4.9b 20 
16 4.5b PdCl2, KI (0.5), DMF, air, 80 °Ch 20 4.9b/ 
4.13b 
45/20 
17 4.5b PdCl2, KI (0.5), DMF, air, 80 °Ci 20 4.9b/ 
4.13b 
42/14 
18 4.5b PdCl2, KI (0.5), DMF, air, 80 °Cj 20 4.9b/ 
4.13b 
47/20 
aUnless otherwise stated, 5 mol % of a Pd complex and 6 equiv of n-butyl acrylate were 
used relative to 4.5. dba: dibenzylideneacetone. bWithin brackets, number of equivalents relative to 
4.5. cIsolated yield (%). d4 equiv of n-butyl acrylate. eDegradation. fProduct was not pure. gStarting 
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material was recovered (56%). h1 equiv of n-butyl acrylate was used. i2 equiv of n-butyl acrylate 
was used. j3 equiv of n-butyl acrylate was used. 
Included here were conditions closely related to those previously found to be 
successful with buta-1,2,3-triene carbinols (Table 4.1, entry 1) 151 and α-allenols (Table 
4.1, entry 2). 153b However, the yields of product 4.9a with these and other combinations 
of solvent, catalyst and base (Table 4.1, entries 3-5) were not satisfactory. In the last case 
(entry 5), the use of Pd2(dba)3 resulted in efficient formation of benzofuran 4.13a, the 
product of cycloisomerization of the starting alkynylphenol 4.5a, and no coupling product 
9a was detected. On the other hand, inspired by conditions reported for allenoic acids in 
other oxidative coupling processes, 59 the use of PdCl2/KI in dimethylformamide (DMF) 
proved successful, and benzofuran 4.9a was obtained in good yield (entry 6). The same 
reaction conditions worked well for alkynylphenol 4.5b, which was converted cleanly into 
benzofuran 4.9b in very high yield (entry 7). This product was a more convenient model 
than 9a, which decomposed partially upon purification, and further tests were conducted 
on 4.5b. The use of KI was not mandatory for the cyclization/coupling reaction (entry 9) 
but the yield was found to improve considerably in its presence (compare entries 7 and 9). 
The alternative use of n-Bu4NI as a non-metallic iodide salt (entry 8) also benefited the 
yield, albeit to a lesser extent, relative to yields obtained in the absence of iodide (entry 9). 
The possible effect of iodide anions in these reactions is discussed below. Other palladium 
catalysts, such as PdCl2(PPh3)2 and Pd(OAc)2 (entries 10 and 11) also proved useful, but 
yields were somewhat inferior to those obtained with PdCl2. Under the new sets of 
conditions, the use of a base was again found to have deleterious effects on the coupling, 
as shown by the result summarized in entry 12. On the other hand, Pd(0) catalysts were 
much less efficient (entries 13-14). As expected, the use of oxidizing conditions was 
required for efficient catalysis. As a result, when the reaction was carried out under an Ar 
atmosphere, the yield of coupling product was considerably reduced (entry 15). Excess 
acrylate was also found to be important, as shown by the effect of lowering the amount of 
olefin from 6 to 1-3 equivalents (entries 16-18), which had the effect of reducing the yield 
of coupling product substantially while also leading to formation of the cycloisomerization 
product 4.13b in moderate amounts. 
The reaction conditions summarized in Table 4.1, entries 6 and 7 were applied to 
representative 2-alkynylaniline and 2-alkynylbenzamide substrates to assess the 
generality of the reaction (Table 4.2). Aniline 4.6a reacted at 80 °C with competing 
formation of cycloisomerization product 4.14a (entry 1). However, raising the temperature 
to 100 °C produced a much better yield of coupling product 4.10a, without any observable 
cycloisomerization, under otherwise identical reaction conditions (entry 2). On the other 
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hand, under the standard conditions, formation of 1H-isochromen-1-imines 4.11 from 
benzamides 7 took place without apparent interference from cycloisomerization, however, 
the yields were only moderate (entries 11-12). In this case, the simple expedient of 
changing the catalyst was tried; among several palladium complexes that were tested, 
PdCl2(PPh3)2 produced the desired improvement, and products 4.11 were obtained in 
much higher yields (entries 13-14). The effect of KI was assessed with benzamide 
substrate 4.7a, and found to be much more pronounced than in the benzofuran case. Thus, 
lowering the amount of KI from the standard 0.5 equivalents to just 0.2 equivalents was 
clearly detrimental to the yield of 4.11b (entry 15), whereas doubling the amount was 
inconsequential (entry 16). Similar to the benzofuran case, control experiments performed 
with either variable amounts of alkene (entries 3-6, 17) or in an Ar atmosphere (entries 8 
and 18) confirmed the need for excess alkene and oxygen, respectively, whereas bases 
were again found to inhibit the reaction (entries 9-10). 
Table 4.2. Test of Standard Reaction Conditions for Aniline and Benzamide Substratesa 
 
Entry 4.6, 4.7 L T (°C) Variablesb Time (h) Product Yield [%]c
1 4.6a - 80 - 20 4.10a/4.14a 56/39 
2 4.6a - 100 - 20 4.10a 85 
3 4.6a - 100 4.8a (5) 20 4.10a 60 
4 4.6a - 100 4.8a (4) 20 4.10a/4.14a 58/30 
5 4.6a - 100 4.8a (2) 20 4.10a/4.14a 43/43 
6 4.6a - 100 4.8a (1) 20 4.10a/4.14a 20/80 
8 4.6a - 100 Ar 20 4.14a 60 
9 4.6a - 100 NaOAc (3) 20 4.14a 40d 
10 4.6a - 100 Et3N (3) 4 - e 
11 4.7a - 80 - 15 4.11a 63 
12 4.7b - 80 - 23 4.11b 57 
13 4.7a PPh3 80 - 16 4.11a 78 
 95 
 
14 4.7b PPh3 80 - 23 4.11b 82 
15 4.7a PPh3 80 KI (0.2) 14 4.11a 37 
16 4.7a PPh3 80 KI (1) 14 4.11a 79 
17 4.7a PPh3 80 KI (1) 4.8b (1) 20 4.11a 61 
18 4.7a PPh3 80 Ar 14 4.11a 21f 
aUnless otherwise stated, 5 mol % of a Pd complex, 0.5 equiv of KI and 6 equiv of 4.8a or 
4.8b were used relative to 4.6 or 4.7 under an air atmosphere. bVariations with respect to the 
standard conditions indicated in note a. Within brackets, number of equivalents relative to 4.6 or 
4.7. cIsolated yields (%). dStarting material was recovered (60%). eStarting material was recovered 
(100%). fStarting material (77%) was recovered. 
The conditions given in Table 4.2, entries 2 and 13-14 were then taken as standard 
for aniline and benzamide substrates, respectively. It is interesting that, in line with the 
inhibitory effect of bases, the reaction of the aniline substrate 4.6a required higher 
temperature than that of the less basic phenols 4.5, and that in the benzamide 4.7 series. 
Reaction times for N-phenylbenzamides were consistently shorter than for the more basic 
n-butyl analogues (see also Table 4.3 below). 
The standard set of reaction conditions in each case was then applied to different 
alkynyl-substituted phenol, aniline and benzamide substrates 4.5-4.7 using an acrylate 
derivative as standard alkene partner. The results, which are collected in Table 4.3, show 
variations at the terminal alkynyl position (R1), the alkynyl-substituted aryl ring (R2-R4) and 
the amino group (R5), the latter only in the case of anilines and benzamides.  
Table 4.3. General preparation of 3-alkenylbenzofurans, 3-alkenylindoles and 4-
alkenyl-1H-isochromen-1-imines from alkynyl substrates 4.5-4.7 and n-Butyl (4.8a) or ethyl 











1 4.5a n-C6H13 H H H - A 4.9a 62c 
2 4.5b p-Tolyl H H H - A 4.9b 91 
3 4.5c n-C6H13 d H - A 4.9c 57c 





- Af 4.9e 75 
6 4.5f TMS H H H - A 4.9f 79 
7 4.6a p-Tolyl H H H H B 4.10a 85 
8 4.6b p-Tolyl CO2Me H H H B 4.10b 76 
9 4.6c p-Tolyl Me H H H B 4.10c 57 
10 4.6d n-C6H13 H H H H B 4.10d 76 
11 4.6e (CH2)4OH H H H H B 4.10e 32 
12 4.6f TMS H H H H B 4.10f 72g 
13 4.6g p-Tolyl H H H Me B 4.10g 74 
14 4.7a Ph H H - Ph C 4.11a 78 
15 4.7b Ph H H - n-Bu C 4.11b 82 
16 4.7c TMS H H - Ph Ch - i 
17 4.7d n-C6H13 H H - Ph C 4.11d 77 
18 4.7e Ph H H - CH2Ph C 4.11e 85 
19 4.7f Ph H H - (p-
MeO)C6H4 
C 4.11f 72 
20 4.7g Ph MeO MeO - n-Bu C 4.11g 83 
 
aUnless otherwise indicated, reactions were run with a Pd(II) complex (5 mol%), KI (50 
mol%) and acrylate ester (6 equiv) in DMF under an air atmosphere for the indicated time. 
Conditions A: PdCl2, 80 °C, 20 h. Conditions B: PdCl2, 100 °C, 20 h. Conditions C: PdCl2(PPh3)2, 
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80 °C, 21-25 h (R4 = n-Bu or Bn) or 15-16 h (R4 = Ar). bIsolated yield (%). cProduct decomposes 
partially upon purification. dR2, R3 = -C(Me)2-CH2CH2-C(Me)2-. eReaction time was 7 h. fReaction 
run at 100 °C. gYield of a 1:1 mixture of 4.10f and 4.16 (see Scheme 4.4). hReaction conducted at 
120 °C for 21 h. iDegradation. 
As shown in Table 4.3, substrates with different alkynyl R1 substituents, such as 
aryl (both electron-poor and electron-rich) and alkyl groups, provided the expected 
products in high yields in most cases. A trimethylsilyl (TMS) group was also tolerated in 
the case of phenol and aniline substrates (entries 6 and 12), but the corresponding 
benzamide failed to give the desired product (entry 16). In the last case, the substrate was 
recovered largely unchanged under the standard conditions at 80 °C, and underwent 
decomposition at higher temperatures with loss of the TMS group and formation of 
unidentified products. It is likely that, in comparison to the phenol and aniline cases, the 
additional amide substituent R5 provided a very crowded environment that contributed to 
the failure of the reaction. On the other hand, the coupling cascade was tolerant of 
additional substituents at the alkynyl-bearing aryl moiety (R2-R4), with both electron-
donating and electron-withdrawing groups being well represented (entries 4, 5, 8, 9, 20). 
In one case, a heteroaromatic alkynyl derivative was tested successfully (Scheme 4.3). 
Aniline and benzamide substrates also allowed additional variations at the amino group 
(R5). Thus, besides the unprotected primary anilines displayed in entries 7-12, a secondary 
amino group in aniline 4.6g is also shown to afford a similarly good yield (entry 13), a result 
that considerably expands the scope of this reaction. As for the benzamide substrates, 
aryl, alkyl and benzyl amino substituents (R5) were all found to be successful (entries 14-
21). In one case (entry 19), a potential protecting group (p-methoxyphenyl) was introduced 

















Scheme 4.3. Preparation of 1H-pyrano[4,3-c]pyridin-1-imine 4.11h. 
Trimethylsilyl-substituted products 4.9f and 4.10f are precursors of the 
corresponding 2-unsubstituted benzofuran 4.15 and indole 4.16, which can be generated 
by protodesilylation (Scheme 4.4), offering a convenient alternative to the hypothetical use 
of acetylene as alkyne component in the Sonogashira coupling. In the case of the TMS-
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derivative 4.10f (Table 4.3, entry 12) was, in fact, accompanied by competing formation of 
the desilylated product 4.16 upon reaction of 4.6f with 4.8a. By introducing a treatment 
with TBAF in the workup procedure, exclusive formation of 4.16 was realized (Scheme 
4.4). 
 
Scheme 4.4. Preparation of 2-Unsubstituted Benzofuran (4.15) and Indole (4.16). 
TBAF: tetrabutylammonium fluoride. 
Even more structural diversity could be gained with variations of the olefin 
substituents. A very extensive study has been performed by using phenol substrates 4.5, 
whereas the application to anilines 4.6 and benzamides 4.7 was more selective. As shown 
in Table 4.4 and Scheme 4.5, a wide variety of functional groups were incorporated with 
the olefin component, including carbonyls of different types, such as ester (4.8c-d), ketone 
(4.8e-h) and amide (4.8i-j), as well as cyano (4.8k-l), sulfonyl (4.8m) and phenyl groups 
(4.8n). Application of the standard reaction conditions was straightforward for most 
monosubstituted alkenes (R2 = R3 = H; entries 6, 8, 10-11, 14-20). One exception was the 
reaction of aniline 4.6a with methyl vinyl sulfone 4.8m for which, under the standard 
conditions, competing formation of cycloisomerization product 4.14 (see Table 4.2) was 
observed (34% yield, in addition to 48% of the expected 4.10m). Interestingly, changing 
the catalyst to PdCl2(PPh3)2 (entry 17) completely suppressed formation of 4.14, and the 
desired 4.10m was obtained in excellent yield. In the case of α,β-unsaturated ketones 
(entries 2-5, 14, 18), the alternative conjugate addition type (hydroarylation) product 151 
4.18 (Scheme 4.5) was only observed with the benzamide 4.7b (entry 18), albeit in minor 
amounts, and even in this case the yield of the Heck product was high. 
Besides monosubstituted alkenes, a range of disubstituted α,β-unsaturated 
carbonyl-type derivatives (R2 or R3 ≠ H) was also found to participate effectively (entries 
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1, 3-5, 7, 9, 12-13). This is remarkable, because the use of disubstituted alkenes has often 
been problematic in Heck reactions due to low reactivity, 159, 162, 199 and, in fact, remained 
almost unreported in oxidative cyclization/Heck-type couplings prior to our work. 178 In the 
present case, these alkenes have often shown a tendency to react with extensive 
degradation, and this has led to the need for some adjustment of the reaction conditions. 
As a result, in some cases it was found advantageous to increase the amount of olefin 
(entry 12) or to change the catalyst (entry 13). In a few instances, some disubstituted 
alkenes required increased temperatures, and this had a negative impact on yields (entries 
4-5, 7). This was particularly noticeable with the benzamide substrate 4.7b, which led 
mainly to cycloisomerization and degradation products. 
Interestingly, in two instances, formation of a regioisomer of type 4.17 (Scheme 
4.5) was observed in reactions of phenol 4.5b with β-substituted α,β-unsaturated carbonyl 
derivatives (entries 1 and 7). Isomers 4.17 are probably generated as a result of double 
bond migration from products 4.9g and 4.9m through hydropalladation/dehydropalladation 
processes promoted by HPdX. This palladium species is released in the Heck coupling 
and is normally expected to undergo base-promoted elimination of HX to form Pd(0), which 
then undergoes oxidation back to the Pd(II) needed to initiate the cyclization/coupling 
process. However, the reaction conditions involved here are base-free and that pathway 
is not functional, thus making it more likely that HPdX could be available. In any case, 
isomerization is probably triggered by the congested nature of the trisubstituted conjugated 
products. 
Table 4.4. General preparation of 3-alkenylbenzofurans, 3-alkenylindoles and 4- 






Entry 4.8 4.5-4.7 Condi- 
tionsa 
4.9-4.11 R1 R2 R3 Yieldb 
1 4.8c 4.5b A 4.9g CO2Me Me H 70c 
2 4.8e 4.5b A 4.9h COMe H H 91 
3 4.8f 4.5b A 4.9i COMe Me H 56 
4 4.8g 4.5b Ad 4.9j (CH2)3CO H 31 
5 4.8h 4.5b Ad 4.9k (CH2)2CO H 36 
6 4.8i 4.5b Ad 4.9l CONH2 H H 50 
7 4.8j 4.5b Ad 4.9m CONH2 Me H 43e 
8 4.8k 4.5b Af 4.9n CN H H 60g 
9 4.8l 4.5b A 4.9o CN Me H 57h 
10 4.8m 4.5b Ad 4.9p SO2Me H H 57 
11 4.8n 4.5b A 4.9q Ph H H 60 
12 4.8c 4.6a Bi,j 4.10h CO2Me Me H 51 
13 4.8d 4.6a Bk,l 4.10i CO2Me H Me 67 
14 4.8e 4.6a B 4.10j COMe H H 79 
15 4.8i 4.6a B 4.10k CONH2 H H 95 
16 4.8k 4.6a Bf,i 4.10l CN H H 77m 
17 4.8m 4.6a Bk 4.10m SO2Me H H 87 
18 4.8e 4.7b Cj 4.11i COMe H H 71n 
19 4.8i 4.7b C 4.11j CONH2 H H 78 
20 4.8n 4.7b Cd 4.11k Ph H H 39o 
aUnless otherwise indicated, reactions were conducted with Pd(II) complex (5 mol%), KI 
(0.5 equiv) and alkene (6 equiv) in DMF under an air atmosphere for the indicated time. Conditions 
A: PdCl2, 80 °C, 20 h. Conditions B: PdCl2, 100 °C, 20 h. Conditions C: PdCl2(PPh3)2, 80 °C, 21-23 
h. bIsolated yield (%). cA 1:1 mixture of 4.9g and 4.17a (Scheme 5) was obtained. dReaction 
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conducted at 100 °C. eA 1:1.5 mixture of 4.9m and 4.17b (Scheme 4.5) was obtained. fReaction 
conducted in a sealed tube. gA 3:1 E/Z mixture was obtained. hA 1.2:1 E/Z mixture was obtained. 
iReaction run with 12 equiv of olefin. jReaction time: 8 h. k[PdCl2(Ph3P)2] used as catalyst. lReaction 
conducted at 60 °C. mA 13:1 E/Z mixture was obtained. nThe conjugate addition product 4.18 (20%) 
was also obtained (Scheme 4.5). oA 5:1 mixture of regioisomers tentatively assigned as 4.11k and 
4.19 (Scheme 4.5) was obtained. 
 
Scheme 4.5. Olefins 4.8c-n used in the Oxidative Heck Coupling Reactions and 
Side-products 4.17-4.19 obtained in the Cyclization/Coupling Reactions (Table 4.4). 
The results shown in Tables 4.3 and 4.4 also attest to the high regio- and 
stereoselectivity of formation of products 4.9-4.11. High isolated yields of 1H-isochromen-
1-imines products 4.11 were realized without apparent formation of the alternative 5-exo-
trig-derived products 4.12 (see Scheme 4.2). Furthermore, exclusive formation of the (E)-
isomers was observed in most cases. The exception was acrylonitrile (Table 4.4, entries 
8, 16), which afforded the products as E/Z mixtures, a result which is in line with related 
precedents. 159, 162 No stereochemical conclusions can be drawn from the reactions of but-
2-enenitrile (Table 4.4, entry 9), because the starting alkene was already an E/Z mixture. 
A plausible mechanism for this Pd-catalyzed cyclization/Heck coupling is depicted 
in Scheme 4.6. After Pd(II)-promoted cyclization, intermediate 4.21 undergoes alkene 
insertion, followed by β-H elimination with release of products 4.9-4.11 and a palladium 
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hydride. Oxidation of the latter then regenerates the catalytic PdX2 species. 200 
Alternatively, protonation of intermediates 4.21 or 4.22 affords cycloisomerization products 
4.13-4.14 or hydroarylation adduct 4.18, respectively. 
 
Scheme 4.6. A Plausible Mechanism for the Pd-Catalyzed Cyclization/Heck Coupling. 
Several observations lend support to this mechanistic interpretation. As discussed 
earlier, formation of regioisomers 4.17 in reactions of β-substituted α,β-unsaturated 
carbonyl derivatives (entries 1, 7; Table 4.4) suggests that HPdX is involved in 
hydropalladation/dehydropalladation processes with products 4.9g or 4.9m and, 
presumably, also with excess alkene reagent. In fact, addition of HPdX to n-butyl acrylate 
has been reported to be involved in regeneration of a catalytically active Pd(II) species in 
the absence of oxygen, and n-butyl propionate was found as byproduct in such "oxidative 
Heck" reactions. 159 158  In our reactions, however, oxygen is required for efficient catalysis 
and in no case was n-butyl propionate (or related products) formation observed, therefore 
ruling out the involvement of excess alkene as practical "oxidizing agent". Nevertheless, 
excess alkene is important in our reactions and could provide, through the same 
hydropalladation/dehydropalladation equilibria, control of the effective concentration of 
HPdX, as suggested by the results presented in Tables 4.1 (entries 16-18) and 2 (entries 
4-6) with reduced amounts of alkene, whereupon cycloisomerization products were 
formed, presumably by either HPdX or HX promoted cyclization. 201 
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Regeneration of an active Pd(II) species is thus likely to proceed by oxidation of 
Pd(0) released from HPdX, in a process that is reported to required the presence of acid. 
200 202 203 In fact, acid is released in both the initial Pd(II)-promoted nucleopalladation and 
the final product-forming β-hydride elimination steps. Therefore, the inhibitory effect 
displayed by bases in these reactions (evidenced in Tables 4.1 and 4.2) is probably 
associated with a reduction in the concentration of acid available for catalyst regeneration, 
indeed, some indirect evidence indicates that acid is actually consumed in our reactions. 
For example, 1H-isochromen-1-imines 4.11 are acid-sensitive materials, which tend to 
decompose upon silica gel chromatography (unless this is deactivated with Et3N). In one 
case, the decomposition product has been identified as 4.23e 204 (Scheme 4.7), and the 
conversion of amides 4.11 into lactones 4.23 under GC/MS conditions has also been 
inferred in other cases. Nevertheless, high yields of products 4.11 are obtained under 
preparative conditions, after prolonged heating, without detectable formation of 4.23, 
indicating a relative lack of acid. In this context, the additional beneficial effect of iodide 
anions in these reactions could also be ascribed to its participation in the Pd(0) oxidation 
stage. Thus, in the presence of iodide salts under an oxygen atmosphere, iodine would be 
formed, 202 and this has been documented as oxidizing agent for Pd(0). 59 
 




The cascade, intramolecular alkyne nucleopalladation/intermolecular Heck-type 
coupling under oxidative conditions is an effective methodology for the preparation of 
benzofuran-, indole-, and 1H-isochromen-1-imine-type derivatives, starting from readily 
available phenol, aniline or benzamide substrates and functionalized alkenes. 
Furthermore, a combination of consecutive Sonogashira (in substrate preparation) and 
oxidative couplings conveniently sidesteps the preparation of haloaryl or β-halo-α,β-
unsaturated carbonyl derivatives, and obviates the need for protection-deprotection steps 
required with other alternative procedures. The cyclization step preceding oxidative 
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coupling is shown to be effective for 5-endo-dig- and 6-endo-dig-cyclization modes, is 
compatible with O- and N-heteronucleophilic partners, and proceeds with excellent 
regioselectivity. The subsequent Heck-type coupling takes place stereoselectively with 
exclusive formation of (E)-isomers in most cases, and allows the use of both mono- and 
disubstituted alkene partners. Finally, a very high degree of structural diversity is attainable 
through simple variations at the different Sonogashira and Heck coupling partners, which 
also allows the introduction of useful functionality in the final products.  
 
4.4 EXPERIMENTAL SECTION 
 
General procedure for the Cascade Cyclization/Heck Coupling. The Pd 
complex (0.012 mmol), KI (0.02 g, 0.120 mmol) and an alkene 4.8 (1.44 mmol), were 
added to a solution of 4.5-4.7 (0.24 mmol) in DMF (2 mL), and the mixture was stirred in 
an air atmosphere under the conditions given in Tables 4.3 and 4.4. The mixture was 
allowed to cool to 25 ºC and water (in the case of 4.5-4.6) or a saturated aqueous solution 
of NaHCO3 (in the case of 4.7) was added. The mixture was extracted with EtOAc (3x), 
the combined organic layers were dried (Na2SO4), and the solvent was removed. The 
residue was purified by flash column chromatography under the conditions indicated in the 














5. SYNTHESIS OF 
TETRAHYDRODIBENZOFURAN AND 
TETRAHYDROBENZO[C]CHROMEN-6-
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Functionalized alkylidene-1,2,3,4-tetrahydrodibenzo[b,d]furans and alkylidene-
1,2,3,4-tetrahydrobenzo[c]chromen-6-imines structures have been synthesized regio- and 
stereoselectively from either o-iodophenols or o-iodobenzamides and alkynes by 
consecutive Pd-catalyzed Sonogashira coupling and nucleophilic addition/oxidative Heck-
type coupling cascade reactions. In the case of iodobenzamide substrates, the whole 
sequence can be conveniently carried out without isolation of intermediates. Maleic 




Within the realm of the rapidly expanding palladium-catalyzed oxidative coupling 
reactions, 205 a particular set of applications, those in which a heterocyclization step 
precedes a Heck-type coupling 206 in a cascade process, has attracted increased attention 
because it offers the possibility of rapid access to structurally diverse functionalized 
heterocyclic motifs. 174 77 207 175 153b 176 177 151 179 180 208 170a An even higher level of complexity 
could be reached if the coupling step was an intramolecular reaction, yielding 
functionalized polycyclic structures. However, so far the application of this kind of strategy 
has been rare and  examples are limited to 5-exo-amidopalladations of 2-allyl-209or 2-
alkynylanilides 77 followed by Heck-type reaction with a tethered alkene partner. 210 The 
extension of this strategy to a wider range of alkynes as electrophilic partners in 
combination with both N- and O-nucleophiles, as well as its application to the formation of 
six-membered heterocyclic structures, would be a valuable addition to the current synthetic 
repertoire. We have previously reported a Pd-catalyzed heterocyclization/oxidative Heck 
cascade process that leads to alkenyl-substituted benzofurans, indoles and isoquinolones. 
170a  205d, 211 In this contribution we report the application of this methodology to cases in 
which the oxidative Heck coupling is performed intramolecularly, thus providing an 
additional fused ring in each instance. The reaction products contain substructures that 
have attracted attention because they are structurally related to natural products and other 
biologically interesting molecules. 212 213  
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The underlying general synthetic idea is outlined in Scheme 5.1. After a 
Sonogashira coupling between nucleophile-containing aryl halides 5.1 or 5.2 and enynes 
5.3, the resulting 2-alkynylphenols 5.4 or -benzamides 5.5 (depending on the identity of 
the nucleophilic center Y = O or CONR, respectively) would be expected to undergo a 
palladium-catalyzed nucleopalladation/Heck-type coupling cascade to afford polycyclic 
products 5.8-5.10 stereoselectively. The oxidation of the Pd(0) released in the last step is 
needed to regenerate the catalytic PdX2 species. Regiochemical variants are possible in 
the case of benzamides, for which the two possible modes of nucleopalladation, exo and 
endo, would lead to the corresponding five-(5.8) or six-membered (5.10) heterocyclic 
structures, respectively. Similarly, depending on the size of the tether (n), exo and endo 
pathways could also compete in the Heck coupling (only exo product is shown). 
 
Scheme 5.1. General outline of the consecutive Sonogashira and oxidative 




5.2 RESULTS AND DISCUSSION 
 
The reaction conditions were briefly surveyed by using phenol 5.4a derived from 
2-iodophenol 5.1a (R = H) and alkyne 5.3a (n = 1; A = CO2Et), and the results are collected 
in Table 5.1. The application of conditions analogous to those previously used in the 
corresponding intermolecular couplings 170a afforded a reasonable yield of the desired 
coupling product 5.9a (entry 1). Interestingly, the use of maleic anhydride (MA) as additive 
in stoichiometric amounts produced a considerable improvement in yield (entry 2). 
However, the change from PdCl2 to a phosphine-containing catalyst resulted in a 
diminished yield of 5.9a (entry 3). A control experiment at 80 ºC (entry 4) showed that 
higher temperatures were indeed needed. Accordingly, the conditions of entry 2 were 
taken as standard for subsequent reactions. 
Table 5.1. Optimization of the reaction conditions for phenol 5.4a. 
 
Entry Conditionsa Yieldb (%) 
1 PdCl2, KI, DMF, 100 ºC, air 55% 
2 PdCl2, KI, MA, DMF, 100 ºC, air 91% 
3 PdCl2(PPh3)2, KI, MA, DMF, 100 ºC, air 45% 
4 PdCl2, KI, MA, DMF, 80 ºC, air --c 
aRelative amounts of reagents: Pd catalyst (5 mol %), KI (0.5 mol equiv), MA (1 mol equiv), 
DMF (4 x 10-2 M), 20 h. MA = maleic anhydride. bYield of the isolated product. cStarting material 
was recovered. 
The optimized conditions were then applied to various alkynylphenols (Table 5.2). 
In this manner, tetrahydrodibenzo[b,d]furans 5.9 were formed efficiently from 
alkynylphenols 5.4 containing a tethered α,β-unsaturated ester or ketone. Electron-
donating groups on the phenol moiety were well tolerated and this enabled the preparation 
of methoxy-substituted tetrahydrodibenzo[b,d]furans 5.9d and 5.9e (entries 4 and 5, 
respectively), which contain a substructure present in the tricyclic core of JBIR-23 and 
JBIR-24, two natural products with cytotoxic activity. 214 However, the use of an electron-
withdrawing group (R1 = CO2Me), effective in analogous intermolecular reactions, 170a, 215 
170a, 215 170a, 215 170a, 215 169a, 214  was hampered in this case by the apparent high tendency of 
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a substrate 5.4 (R1 = CO2Me; R2 = R3 = H; R4 = CO2Et) to cycloisomerize under the 
Sonogashira conditions that presumably had led to its formation [Equation (5.1)]. On the 
other hand, other tether lengths did not prove useful. For example, starting from a 
Sonogashira adduct 5.4 with a homologated tether (n = 2; R = H; A = CO2Et, in Scheme 
5.1) a mixture of endo/exo Heck regioisomers was formed. Attempts to form other fused 
ring sizes led to either the recovery of the starting phenol (n = 0) or decomposition products 
(n = 3). 
Table 5.2. Preparation of Alkylidenetetrahydrodibenzo[b,d]furans.a 
 
Entry 5.4 R1, R2, R3, R4 5.9, Yield (%) 
1 5.4a H, H, H, CO2Et 5.9a, 91% 
2 5.4b tBu, H, tBu, CO2Et 5.9b, 62% 
3 5.4c H, H, H, COMe 5.9c, 72% 
4 5.4d H, H, H, COMe 5.9d, 62%c 
5b 5.4e OMe, H, H, COMe 5.9e, 60%c 
6 5.4f H, OMe, H, CO2Et 5.9f, 53%c 
aUnless otherwise indicated, the conditions of entry 2 in Table 5.1 were employed. 
bReaction performed at 140 ºC with 10 mol-% PdCl2. 
 
Alkene (Z)-5.4a with a Z double bond was also incorporated into the study to 
determine the effect of double-bond geometry on reactivity. As shown in Equation (5.2), 
5.9a was formed in 63% yield under the standard conditions. Therefore, the same product 
is obtained irrespective of the geometry (E or Z) of the double bond. Presumably, 
hydropalladation/dehydropalladation equilibria intervene to isomerize the expected initial 
Z double bond geometry to the final more stable E configuration of the observed product 




This methodology was also applied to benzamides. It was noted that in analogous 
intermolecular reactions of these substrates, PdCl2(PPh3)2 was the universally employed 
catalyst and was also used in the Sonogashira couplings leading to the required starting 
materials. Therefore, the possibility of performing the sequential 
Sonogashira/heterocyclization/intramolecular Heck transformation without isolation of 
intermediates was considered. We explored this idea with representative 2-
iodobenzamide 5.2a and alkyne 5.3a (Table 5.3). Initially, we attempted to perform the 
Sonogashira reaction in DMF as this was the solvent used in the subsequent Heck 
coupling. However, this led to a sluggish reaction at 55 ºC and degradation at 80 ºC. Thus, 
as an alternative, we used the standard conditions for the Sonogashira coupling reactions 
of benzamides in an amine solvent.  170a When complete consumption of the starting 
iodobenzamide 5.2a and formation of the Sonogashira coupling product 5.5a (Scheme 
5.1; R = H; R' = Ph; n = 1; A = CO2Et) were observed by TLC, maleic anhydride and air 
were introduced into the system and the mixture was heated at 80 ºC. The expected 
tetrahydrobenzo[c]chromen-6-imine 5.10a was obtained, albeit in moderate yield (47%, 
entry 1, Table 5.3). Small amounts of what appeared to be other regioisomers were also 
observed in the crude 1H NMR spectrum. Replacement of Et3N by DMF in the second 
stage of the reaction led to a significant improvement in the yield of 5.10a (60%), and a 
reduction in the amount of byproducts (entry 2). To check the effect of Et3N on the Heck 
coupling reaction, we performed an experiment in which 5 equiv of Et3N were added at the 
same stage (entry 3). This confirmed the negative impact of the presence of Et3N on the 
aminopalladation/Heck cascade as 5.10a was obtained in only 22% yield. In line with the 
results obtained in the benzofuran series, omitting the use of maleic anhydride, under 
otherwise identical conditions again resulted in inferior results (entry 4). However, use of 
the analogous ethyl acrylate was not successful either (entry 5), yielding a very similar 
result to that obtained in the absence of additives (entry 4), which suggests that this alkene 
has no effect on the coupling reaction. Recent reports on copper-catalyzed coupling 
reactions involving benzamide nucleophiles and alkynes, 217 as well as other nucleophiles 
and coupling agents 218 219 prompted us to consider the possibility that the presence of Cu 
salts (left over from the Sonogashira reaction) could be partially responsible for the 
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formation of the byproducts in these reactions. Accordingly, catechol was introduced as a 
possible Cu trap. 220 220 220 220 219  (entry 6). In fact, this led to a cleaner reaction and a more 
efficient formation of 5.10a, which was isolated in a very respectable 70% yield. As a result, 
conditions of entry 6 were taken as standard for subsequent applications. 
Table 5.3. Survey of reaction conditions for consecutive 
Sonogashira/aminocyclization/intramolecular Heck coupling cascade of benzamide 5.2a.a 
 
Entry Conditions for step 2 Yield (%)
1b MA, air, 80 ºC 47 
2 (i) Evaporate Et3N; (ii) MA, DMF, air, 80 °C 60 
3 (i) Evaporate Et3N; (ii) Et3N,c MA, DMF, air, 80 °C 22 
4b (i) Evaporate Et3N; (ii) DMF, air, 80 °C 37 
5b (i) Evaporate Et3N; (ii) ethyl acrylate,d DMF, air, 80 °C 37 
6 (i) Evaporate Et3N; (ii) MA, DMF, catechol, air, 80 °C 70 
 
aRelative amounts of reagents: PdCl2(PPh3)2 (5 mol-%), CuI (1 mol%), Et3N, 55 °C, MA (1 
mol equiv), catechol (2 mol-%). bYield in the crude as determined by 1H NMR using (3,4-
dimethoxyphenyl)acetonitrile as internal standard. c5 mol equiv of Et3N were used. d 1 mol-equiv. of 
ethyl acrylate was used. 
The results on the application of the reaction conditions of entry 6 to different 2-
iodobenzamides 5.2a-f and enyne 5.3a are collected in Table 5.4. In common with phenol 
substrates, substitution at the benzamide ring is also well tolerated (entry 2). In addition, 
the benzamides offer the possibility of substitution at the nitrogen as a means of structure 
diversification. This is highlighted by entries 3-6, in which substrates derived from anilines 
with substituents of different electronic character all participate effectively (entries 3-5), 
and alkyl substitution at the N atom is seen to be equally effective (entry 6). As pointed out 
earlier, the issue of regiochemical control is always a concern with benzamide substrates 
as the two possible cyclization modes, 5-exo- and 6-endo, have previously been reported 
for 2-alkynylbenzamides under Pd-catalyzed conditions. 184 185 186 However, in line with 
observations made in the corresponding intermolecular cases, these benzamides display 
a remarkable preference for the 6-endo-mode in the initial intramolecular addition of the 
amide N onto the triple bond, and this leads to predominant formation of 
tetrahydrobenzo[c]chromen-6-imines 5.10a-f rather than the alternative regioisomeric 
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isoindolones 5.8 (Scheme 5.1). As a result, a convenient two-step sequential protocol 
becomes available for the regioselective preparation of benzo[c]chromen-6-imines, 
directly from iodobenzamides, without isolation of intermediates. 
Table 5.4. Preparation of 1-methylene-3,4-dihydro-1H-benzo[c]chromen-6(2H)-
imines 5.10. 
 
Entry 5.2 R1 R2 5.10, Yield (%)
1 5.2a H Ph 5.10a, 70 
2 5.2b OMe Ph 5.10b, 56 
3 5.2c H pMeOC6H4 5.10c, 49 
4 5.2d H pMeC6H4 5.10d, 76 
5 5.2e H pClC6H4 5.10e, 66 
6 5.2f H nBu 5.10f, 67 
     
Inspection of Table 5.2 and Table 5.4 reveals that for the heterocyclization/Heck 
cascade process (either with or without isolation of the Sonogashira product) very similar 
reaction conditions, with minor adjustments in catalyst and temperature, are suitable for 
phenol and benzamide nucleophiles, despite sizable differences in acidity. 221b One 
apparent difference between the two sets of conditions is the absence of KI when the 
oxidative coupling reaction is performed without isolation of the Sonogashira adduct. 
However, in this case, the Et3NHI byproduct formed upon Sonogashira coupling probably 
plays the same role, which could be related to the participation of iodide anions in the 
reoxidation of Pd(0) (Scheme 5.1), as previously noted. 170a 
 A reasonable mechanism for the cascade oxidative process involving 
nucleopalladation, insertion and β-elimination steps is given in Scheme 5.2. Oxidation of 
the Pd(0) eventually released upon formation of products 5.9 or 5.10 would then 




Scheme 5.2. Mechanism proposed for the formation of products 5.9 and 5.10. 
A beneficial effect of maleic anhydride on the coupling reaction was observed with 
both types of substrates, phenol and benzamide. This effect could be related to the 
stabilization of palladium species at different stages of the reaction, as previously 
documented for the related dba ligand. 222 In addition, as a π-acidic ligand, it could provide 
a more efficient Pd(II) promoter for nucleophilic attack on an intermediate alkyne-Pd 
complex 5.12, thereby accelerating the initial intramolecular nucleopalladation (Scheme 
5.2). This type of role has previously been suggested for the same ligand in oxidative 
indole-alkene coupling reactions. 223 Alternatively, as has been observed for benzoquinone 
ligands, maleic anhydride could conceivably stabilize Pd(0), eventually formed upon β-
elimination, as well as facilitate its reoxidation to Pd(II), thus preventing precipitation of "Pd 
black" and the subsequent interruption of the catalytic cycle. 58 Whatever the origin of the 
effect, these and related223-224223-224223-224223-224222-223  results suggest the possibility of a 




We have developed a straightforward approach to tetrahydrodibenzofurans and 
tetrahydrobenzo[c]chromen-6-imines that is based on consecutive Pd-catalyzed 
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Sonogashira/nucleopalladation/oxidative intramolecular Heck sequences, the last two 
reactions in tandem, starting from o-iodophenols and o-iodobenzamides (without isolation 
of the intermediate alkynes in the latter case). An intriguing beneficial role of maleic 
anhydride in the Heck reaction has been discovered that merits further investigations. 
Given that structural diversification is feasible by the appropriate selection of the starting 
components, the rapid construction of these heterocyclic scaffolds will also be of interest 
in Medicinal Chemistry. 
 
5.4 EXPERIMENTAL SECTION 
 
General Experimental Methods. See the reference for general details 151 179. In 
addition, COSY, NOE, HSQC and HMBC data were recorded to enable interpretation of 
the NOE data and to establish the structure of benzo[c]chromen-6-imines 5.10. 
Iodoamides 5.2a-f were prepared from the corresponding acids according to a literature 
procedure, 220a, b, 225 but by using toluene in place of benzene. Compounds 5.2a 226, 5.2c 
227, 5.2d 185, 5.2e 228 and 5.2f 229 were characterized by comparison with literature data. 
2-Iodo-4,5-dimethoxy-N-phenylbenzamide (5.2b). Yield: 99%; m.p. 164-166 ºC; 
1H NMR (300 MHz, CDCl3) d 7.66-7.63 (m, 3H), 7.38 (t, J = 7.8 Hz, 2H), 7.25 (s, 1H), 7.17 
(t, J = 7.4 Hz, 1H), 7.11 (s, 1H), 3.87 and 3.83 (2s, 6H); 13C NMR (75.5 MHz, CDCl3) d 
166.8 (s), 150.6 (s), 149.1 (s), 137.6 (s), 134.2 (s), 129.0 (d), 124.7 (d), 121.9 (d), 119.9 
(d), 111.9 (d), 81.0 (s), 56.2 (q), 56.0 (q); IR (film) u 3277 (m, NH), 1655 (s, C=O) cm-1; MS 
(EI) m/z 383 (M, 8); HRMS calcd for C15H14INO3 383.0018, found 383.0017. 
Ethyl (E)-Oct-2-en-7-ynoate (5.3a). 227 A solution of 5-hexyn-1-ol (4.06 g, 41.4 
mmol) in CH2Cl2 (2.0 mL) was added dropwise to a suspension of pyridinium 
chlorochromate (PCC; 13.4 g, 62.1 mmol) and Celite® (13.5 g) in CH2Cl2 (83 mL), and the 
mixture was stirred at room temperature for 24 hours. Ethyl 
(triphenylphosphoranylidene)acetate (24.5 g, 70.3 mmol) was then added and the reaction 
mixture was allowed to stir at room temperature for 24 h. After addition of Et2O (150 mL), 
the reaction mixture was filtered through Celite® and the solids were washed with 
hexanes/EtOAc (9:1, 500 mL). The filtrate and washings were combined, the solvent was 
removed, and the residue was purified by flash chromatography (silica gel, 98:2 
hexanes/EtOAc) to afford 5.3a (4.65 g, 68%) as a colorless liquid whose spectral 




(E)-Non-3-en-8-yn-2-one (5.3b). To a mixture of PCC (1.19 g, 5.50 mmol) and 
Celite® (3.60 g) in CH2Cl2 (31 mL) was added hex-4-yn-1-ol (0.360 g, 3.67 mmol). After 
stirring for 24 h at 25 ºC the resulting mixture was filtered through Celite®, the solids were 
washed with CH2Cl2, and the solvent (filtrate and washings) was evaporated. The residue 
was dissolved in CH2Cl2 (10 mL), 1-triphenylphosphoranylidene-2-propanone (1.98 g, 6.24 
mmol) was added, and the mixture was stirred for 5 h at 37 ºC. The solvent was evaporated 
and the residue was purified by column chromatography (silica gel, 80:20 hexane/EtOAc) 
to afford 0.254 g (50% for two steps) of 5.3b as a colorless oil: 1H NMR (400.16 MHz, 
CDCl3) d 6.76 (dt, J = 15.9, 6.9 Hz, 1H), 6.08 (d, J = 15.9, 1.5 Hz, 1H), 2.4-2.3 (m, 2H), 
2.3-2.2 (m, 2H), 2.21 (s, 3H), 1.95 (t, J = 2.6 Hz, 1H), 1.68 (q, J = 7.1 Hz, 2H); 13C NMR 
(100.62 MHz, CDCl3) d 198.8 (s), 147.2 (d), 141.4 (d), 83.6 (s), 68.3 (d), 31.6 (t), 27.2 (q), 
26.9 (t), 18.1 (t); IR (NaCl) u 3294 (w, C≡H), 2215 (w, C≡C), 1674 (s, C=O) cm-1; MS (EI) 
m/z (%) 135 (M+-1, 18); HRMS (EI) calcd. for C9H11O (M+-1), 135.0816; found, 135.0810. 
Sonogashira Couplings from Iodophenols 5.1. Procedure A: A solution of 1, 
PdCl2(PPh3)2 (5 mol%), CuI (4 mol%), 5.3 (2 mol equiv), and Et3N (2 mol equiv) in DMF (5 
mL/mmol) was stirred at 25 ºC for 19 h under Ar. A saturated NH4Cl solution was added, 
and the mixture was extracted with CH2Cl2. The combined organic layers were dried 
(Na2SO4), and the solvent was evaporated. The residue was purified by column 
chromatography (silica gel, hexane/EtOAc) to afford 5.4. Procedure B: The same as A, 
using PdCl2(PPh3)2 (4 mol%), CuI (13 mol%), 5.3 (1.2 mol equiv), and Et3N (2 mol equiv) 
in THF (3 mL/mmol). Procedure C: A solution of 5.1, Et3N (2 mol equiv), PdCl2(PPh3)2 (3.5 
mol%) and CuI (4 mol%) in DMF (8 mL/mmol) was stirred for 20 min at 25 °C under Ar 
before the addition of 5.3 (1.2 mol equiv). The reaction mixture was stirred for 24 h at 25 
°C, and then it was poured into H2O and extracted with EtOAc. It was then proceeded as 
in Procedure A. 
Ethyl (E)-8-(2-Hydroxyphenyl)oct-2-en-7-ynoate (5.4a). Procedure A was 
followed from 2-iodophenol and 5.3a to afford 5.4a (97%). Yellowish oil. 1H NMR (400.16 
MHz, CDCl3) d 7.29 (dd, J = 7.7, 1.3 Hz, 1H), 7.19 (td, J = 8.2 Hz, 1H), 6.96 (dt, J = 15.6, 
6.9 Hz, 1H), 6.91 (dd, J = 8.2, 0.8 Hz, 1H), 6.85 (td, J = 8.2, 0.8 Hz, 1H), 5.89 (d, J = 15.6 
Hz, 1H), 5.91 (s, 1H), 4.20 (q, J = 7.1 Hz, 2H), 2.52 (t, J = 7.0 Hz, 2H), 2.39 (dd, J = 14.5, 
7.2 Hz, 2H), 1.9-1.7 (m, 2H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 MHz, CDCl3) d 
166.5 (s), 156.5 (s), 147.7 (d), 131.7 (d), 129.7 (d), 122.2 (d), 120.2 (d), 114.5 (d), 109.9 
(s), 96.5 (s), 75.5 (s), 60.3 (t), 31.2 (t), 26.9 (t), 19.1 (t), 14.2 (q); IR (NaCl) u 3600-3100 
(br, O-H), 2224 (w, C≡C), 1716 (s, C=O), 1653 (m, C=C) cm-1; MS (EI) m/z (%) 258 (M+, 
17); HRMS (EI) calcd. for C16H18O3, 258.1256; found 258.1268. 
 117 
 
Ethyl (E)-8-(3,5-Di-tert-butyl-2-hydroxyphenyl)oct-2-en-7-ynoate (5.4b). 
Procedure B was followed from 2,4-di-tert-butyl-6-iodophenol 231 and 5.3a to afford 5.4b 
(98%). Colorless oil. 1H NMR (400.16 MHz, CDCl3) d 7.25 (d, J = 2.4 Hz, 1H), 7.17 (d, J = 
2.3 Hz, 1H), 6.98 (dt, J = 15.7, 6.9 Hz, 1H), 6.00 (s, 1H), 5.89 (dt, J = 15.7, 1.5 Hz, 1H), 
4.13 (q, J = 7.1 Hz, 2H), 2.53 (t, J = 7.0 Hz, 2H), 2.4-2.3 (m, 2H), 1.8-1.7 (m, 2H), 1.40 (s, 
9H), 1.29 (t, J = 7.1 Hz, 3H), 1.28 (s, 9H); 13C NMR (100.62 MHz, CDCl3) d 166.3 (s), 153.0 
(s), 147.7 (d), 141.8 (s), 134.6 (s), 125.8 (d), 124.5 (d), 122.3 (d), 109.8 (s), 96.0 (s), 76.5 
(s), 60.2 (t), 34.9 (s), 34.2 (s), 31.6 (q, 3x), 31.2 (t), 29.5 (q, 3x), 27.2 (t), 19.1 (t), 14.3 (q); 
IR (NaCl) u 3600-3100 (br, O-H), 1719 (s, C=O) cm-1; MS (EI) m/z (%) 370 (M+, 26); HRMS 
(EI) calcd. for C24H34O3, 370.2508; found, 370.2511. 
(E)-9-(2-Hydroxyphenyl)non-3-en-8-yn-2-one (5.4c). Procedure B was followed 
from 2-iodophenol and 5.3b to afford 5.4c (80%). Brown oil. 1H NMR (400.16 MHz, CDCl3) 
d 7.29 (dd, J = 7.7, 1.6 Hz, 1H), 7.2-7.1 (m, 1H), 6.93 (dd, J = 8.2, 0.8 Hz, 1H), 6.9-6.7 (m, 
2H), 6.14 (dt, J = 15.9, 1.5 Hz, 1H), 5.77 (br, 1H), 2.54 (t, J = 7.0 Hz, 2H), 2.5-2.4 (m, 2H), 
2.25 (s, 3H), 1.9-1.8 (m, 2H); 13C NMR (100.62 MHz, CDCl3) d 198.6 (s), 156.6 (s), 146.9 
(d), 131.7 (d, 2x), 129.7 (d), 119.9 (d), 114.5 (d), 109.9 (s), 95.9 (s), 75.7 (s), 31.3 (t), 26.9 
(t), 26.8 (q), 19.0 (t); IR (NaCl) u 3600-3100 (br, O-H), 1672 (s, C=O) cm-1; MS (EI) m/z 
(%) 228 (M+, 33); HRMS (EI) calcd. for C15H16O2, 228.1150; found, 228.1153. 
Ethyl (E)-8-(2-Hydroxy-5-methoxyphenyl)oct-2-en-7-ynoate (5.4d). Procedure 
C was followed from 2-iodo-4-methoxyphenol 232 and 5.3a to afford 5.4d (96%). Yellow oil. 
1H NMR (400.16 MHz, CDCl3) d 6.96 (dt, J = 15.5, 7.0 Hz, 1H), 6.9-6.7 (m, 3H), 5.87 (d, J 
= 15.6 Hz, 1H), 5.56 (br, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.73 (s, 3H), 2.50 (t, J = 7.0 Hz, 
2H), 2.37 (q, J = 7.2 Hz, 2H), 1.79 (q, J = 7.2 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR 
(100.62 MHz, CDCl3) d 166.6 (s), 152.9 (s), 150.9 (s), 148.2 (d), 122.2 (d), 116.6 (d), 115.6 
(d), 115.3 (d), 110.1 (s), 96.3 (s), 75.7 (s), 60.3 (t), 55.8 (q), 31.2 (t), 27.0 (t), 19.1 (t), 14.3 
(q); IR (NaCl) u 3600-3100 (br, OH), 1715 (s, C=O) cm-1; MS (EI) m/z (%) 288 (M+, 40); 
HRMS (EI) calcd. for C17H20O4, 288.1372; found, 288.1362. 
(E)-9-(2-Hydroxy-5-methoxyphenyl)non-3-en-8-yn-2-one (5.4e). Procedure C 
was followed from 2-iodo-4-methoxyphenol 232 and 5.3b to afford 5.4e (81%). Yellow oil. 
1H NMR (400.16 MHz, CDCl3) d 6.8-6.7 (m, 4H), 6.14 (d, J = 16.0 Hz, 1H), 5.43 (br, 1H), 
3.74 (s, 3H), 2.53 (t, J = 7.0 Hz, 2H), 2.41 (q, J = 7.4 Hz, 2H), 2.25 (s, 3H), 1.82 (quintet, 
J = 7.2 Hz, 2H); 13C NMR (100.62 MHz, CDCl3) d 198.7 (s), 152.9 (s), 151.0 (s), 147.1 (d), 
147.0 (d), 131.8 (d), 116.5 (d), 115.8 (d), 110.1 (s), 95.9 (s), 66.1 (s), 55.8 (q), 31.5 (t), 
27.0 (t), 26.9 (q), 19.1 (t); IR (NaCl) u 3600-3100 (br, OH), 1671 (s, C=O) cm-1; MS (EI) 
m/z (%) 258 (M+, 34); HRMS (EI) calcd. for C16H18O3, 258.1256; found, 258.1262. 
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Ethyl (E)-8-(2-hydroxy-4-methoxyphenyl)oct-2-en-7-ynoate (5.4f). Procedure 
B was followed from 2-iodo-5-methoxyphenyl acetate 233 (50 mg, 0.17 mmol) and 5.3a (57 
mg, 0.34 mmol) in DMF and heating at 50 ºC for 17h. The purified product (54 mg) was 
treated with K2CO3 (40 mg, 0.28 mmol) in EtOH (12 mL) to afford 5.4f (37 mg, 75% for two 
steps): 1H NMR (400.16 MHz, CDCl3) d 7.18 (d, J = 8.6 Hz, 1H), 6.96 (dt, J = 15.6, 7.0 Hz, 
1H), 6.48 (d, J = 2.5 Hz, 1H), 6.41 (dd, J = 8.6, 2.5 Hz, 1H), 5.85 (dt, J = 15.6, 1.5 Hz, 1H), 
5.76 (s, 1H, OH), 4.18 (q, J = 7.1 Hz, 2H), 3.76 (s, 3H), 2.49 (t, J = 7.0 Hz, 2H), 2.36 (qd, 
J = 7.5, 1.4 Hz, 2H), 1.77 (quint, J = 7.2 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 
MHz, CDCl3) d 166.6 (s), 161.0 (s), 157.9 (s), 147.9 (d), 132.3 (d), 122.2 (d), 107.0 (d), 
102.4 (s), 100.0 (d), 95.1 (s), 75.3 (s), 60.3 (t), 55.4 (q), 31.2 (t), 27.1 (t), 19.1 (t), 14.3 (q); 
IR (NaCl) u 1716 (s, C=O) cm-1; MS (EI) m/z (%) 288 (M+, 31); HRMS (EI) calcd. for 
C17H20O4, 288.1362; found, 288.1360.  
Ethyl (Z)-8-(2-Hydroxyphenyl)oct-2-en-7-ynoate (Z-5.4a). Procedure B was 
followed from 2-iodophenol and ethyl (Z)-oct-2-en-7-ynoate 234 to afford Z-5.4a (80%). 
Colorless oil. 1H NMR (400.16 MHz, CDCl3) d 7.29 (dd, J = 7.7, 1.5 Hz, 1H), 7.19 (t, J = 
7.1 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.83 (t, J = 7.5 Hz, 1H), 6.82 (dt, J = 11.6, 7.7 Hz, 
1H), 5.84 (d, J = 11.6 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.86 (q, J = 7.7 Hz, 2H), 2.51 (t, J 
= 6.9 Hz, 2H), 1.79 (quintet, J = 7.1 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 
MHz, CDCl3) d 166.4 (s), 156.8 (s), 148.9 (d), 131.7 (d), 129.5 (d), 120.8 (d), 119.9 (d), 
114.7 (d), 110.1 (s), 98.7 (s), 75.2 (s), 60.0 (t), 27.8 (t), 27.7 (t), 19.0 (t), 14.1 (q); IR (NaCl) 
u 3600-3100 (br, O-H), 1714 (s, C=O) cm-1; MS (EI) m/z (%) 258 (M+, 8); HRMS (EI) calcd. 
for C16H17O3 (M+-1), 257.1178; found, 257.1179. 
Methyl (E)-2-(5-Ethoxycarbonylpent-4-en-1-yl)benzofuran-5-carboxylate 
(5.11). Procedure B was followed from methyl 4-hydroxy-3-iodobenzoate and 5.3a using 
DMF instead of THF to afford 11 (92%). Yellow oil. 1H NMR (400.16 MHz, CDCl3) d 8.22 
(d, J = 1.7 Hz, 1H), 7.95 (dd, J = 8.6, 1.7 Hz, 1H), 7.42 (d, J = 8.6 Hz, 1H), 6.97 (td, J = 
15.6, 6.9 Hz, 1H), 6.46 (s, 1H), 5.86 (d, J = 15.6 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.93 (s, 
3H), 2.82 (t, J = 7.5 Hz, 2H), 2.3-2.2 (m, 2H), 1.94 (q, J = 7.5 Hz, 2H), 1.29 (t, J = 7.1 Hz, 
3H); 13C NMR (100.62 MHz, CDCl3) d 167.4 (s), 166.5 (s), 159.9 (s), 157.2 (s), 147.7 (d), 
128.7 (s), 125.1 (d), 124.7 (s), 122.6 (d), 122.0 (d), 110.5 (d), 102.6 (d), 60.1 (t), 51.9 (q), 
31.3 (t), 27.6 (t), 25.7 (t), 14.2 (q); IR (NaCl) u 1719 (s, C=O), 1654 (s, C=O) cm-1; MS (EI) 
m/z (%) 285 (17); HRMS (EI) calcd. for C18H20O5, 316.1312; found 316.1311. 
Representative Procedure for Pd-Catalyzed Oxidative Cyclization Cascades. 
PdCl2 (0.001 g, 0.004 mmol), KI (0.006 g, 0.040 mmol) and maleic anhydride (0.007 g, 
0.080 mmol) was added to a solution of a phenol 5.4 (0.080 mmol) in DMF (2 mL) and the 
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mixture was stirred at 100 ºC for 20 h. After allowing the mixture to cool to 25 ºC, water 
was added. The mixture was extracted with EtOAc, the combined organic layers were 
dried (Na2SO4), and the solvent was removed. The product 5.9 was purified by column 
chromatography (silica gel, hexane/EtOAc). 
Ethyl (E)-2-[3,4-Dihydrodibenzo[b,d]furan-1(2H)-ylidene]acetate (5.9a). White 
solid; m.p. 65 ºC (hexane/AcOEt); 1H NMR (400.16 MHz, CDCl3) d 7.9-7.8 (m, 1H), 7.47 
(dd, J = 6.1, 3.1 Hz, 1H), 7.4-7.2 (m, 2H), 6.37 (s, 1H), 4.24 (q, J = 7.1 Hz, 2H), 3.3-3.2 
(m, 2H), 2.91 (t, J = 6.3 Hz, 2H), 2.1-2.0 (m, 2H), 1.35 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 
MHz, CDCl3) d 167.3 (s), 161.7 (s), 154.7 (s), 150.6 (s), 124.9 (s), 124.2 (d), 123.5 (d), 
120.6 (d), 114.3 (s), 111.4 (d), 110.7 (d), 59.7 (t), 26.6 (t), 24.0 (t), 22.7 (t), 14.4 (q); IR 
(NaCl) u 1707 (s, C=O), 1615 (s, C=C) cm-1; MS (EI) m/z (%) 256 (M+, 88); HRMS (EI) 
calcd. for C16H16O3, 256.1099; found 256.1104. 
Ethyl (E)-2-[6,8-Di-tert-butyl-3,4-dihydrodibenzo[b,d]furan-1(2H)-
ylidene]acetate (5.9b). Yellow solid; m.p. 90 ºC (hexane/AcOEt); 1H NMR (400.16 MHz, 
CDCl3) d 7.64 (d, J = 1.7 Hz, 1H), 7.27 (d, J = 1.7 Hz, 1H), 6.35 (s, 1H), 4.25 (q, J = 7.1 
Hz, 2H), 3.3-3.2 (m, 2H), 2.92 (t, J = 6.2 Hz, 2H), 2.1-2.0 (m, 2H), 1.51 (s, 9H), 1.42 (s, 
9H), 1.40 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 MHz, CDCl3) d 167.5 (s), 160.9 (s), 151.2 
(s), 151.0 (s), 146.3 (s), 133.7 (s), 125.0 (s), 118.9 (d), 114.7 (d), 113.9 (s), 110.3 (d), 59.6 
(t), 35.0 (s), 34.5 (s), 31.9 (q, 3x), 29.9 (q, 3x), 26.9 (t), 24.2 (t), 22.9 (t), 14.5 (q); IR (NaCl) 
u 1712 (s, C=O), 1620 (s, C=C) cm-1; MS (EI) m/z (%) 368 (M+, 46); HRMS (EI) calcd. for 
C24H32O3, 368.2351; found, 368.2345. 
(E)-1-[3,4-Dihydrodibenzo[b,d]furan-1(2H)-ylidene]propan-2-one (5.9c). White 
solid; m.p. 75 ºC (hexane/AcOEt); 1H NMR (400.16 MHz, CDCl3) d 7.9-7.8 (m, 1H), 7.6-
7.5 (m, 1H), 7.4-7.3 (m, 2H), 6.77 (s, 1H), 3.2-3.1 (m, 2H), 2.90 (t, J = 6.3 Hz, 2H), 2.34 
(s, 3H), 2.1-2.0 (m, 2H); 13C NMR (100.62 MHz, CDCl3) d 198.7 (s), 163.1 (s), 154.8 (s), 
149.4 (s), 124.8 (s), 124.3 (d), 123.6 (d), 120.6 (d), 118.4 (d), 114.2 (s), 111.5 (d), 32.4 
(q), 26.9 (t), 24.1 (t), 22.8 (t); IR (NaCl) u 1674 (s, C=O), 1590 (s) cm-1; MS (EI) m/z (%) 
226 (M+, 70); HRMS (EI) calcd. for C15H14O2, 226.0994; found, 226.0994. 
Ethyl (E)-2-[8-Methoxy-3,4-dihydrodibenzo[b,d]furan-1(2H)-ylidene]acetate 
(5.9d). White solid; 1H NMR (400.16 MHz, CDCl3) d 7.35 (d, J = 8.9 Hz, 1H), 7.27 (d, J = 
2.4 Hz, 1H), 6.88 (dd, J = 8.9, 2.5 Hz, 1H), 6.26 (s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.89 (s, 
3H), 3.21 (dd, J = 8.9, 3.6 Hz, 2H), 2.87 (t, J = 6.3 Hz, 2H), 2.1-1.9 (m, 2H), 1.34 (t, J = 7.1 
Hz, 3H); 13C NMR (100.62 MHz, CDCl3) d 167.3 (s), 162.6 (s), 156.5 (s), 150.6 (s), 149.7 
(s), 125.5 (s), 114.4 (s), 111.6 (d), 111.4 (d), 110.5 (d), 104.9 (d), 59.7 (q), 56.2 (t), 26.7 
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(t), 24.2 (t), 22.7 (t), 14.5 (q); IR (NaCl) u 1708 (s, C=O), 1615 (s, C=C) cm-1; MS (EI) m/z 
(%) 286 (M+, 100); HRMS (EI) calcd. for C17H18O4, 286.1205; found 286.1204. 
(E)-3-(8-Methoxy-3,4-dihydrodibenzo[b,d]furan-1(2H)-ylidene)propen-2-one 
(5.9e). Reaction temperature was 140 ºC. Colorless solid; m.p. 119 ºC (hexane/AcOEt); 
1H NMR (400.16 MHz, CDCl3) d 7.35 (d, J = 8.9 Hz, 1H), 7.25 (d, J = 2.5 Hz, 1H), 6.87 
(dd, J = 8.9, 2.5 Hz, 1H), 6.65 (s, 1H), 3.87 (s, 3H), 3.2-3.1 (m, 2H), 2.85 (t, J = 6.3 Hz, 
2H), 2.31 (s, 3H), 2.04-1.95 (m, 2H); 13C NMR (100.62 MHz, CDCl3) d 198.8 (s), 164.2 (s), 
156.6 (s), 149.9 (s), 149.7 (s), 125.7 (s), 118.3 (d), 114.4 (s), 111.8 (d), 111.1 (d), 105.5 
(d), 56.4 (q), 32.6 (q), 27.2 (t), 24.4 (t), 22.9 (t); IR (NaCl) u 1672 (s, C=O), 1580 (s, C=C) 
cm-1; MS (EI) m/z (%) 256 (M+, 62); HRMS (EI) calcd. for C16H16O3, 256.1100; found 
256.1099. 
Ethyl (E)-2-(7-Methoxy-3,4-dihydrodibenzo[b,d]furan-1(2H)-ylidene)-acetate 
5.9f). White solid; m.p. 100-101 ºC (Et2O); 1H-NMR (400.16 MHz, CDCl3) d 7.67 (d, J = 
8.6 Hz, 1H), 7.00 (d, J = 2.3 Hz, 1H), 6.91 (dd, J = 8.6, 2.3 Hz, 1H), 6.29 (s, 1H), 4.22 (q, 
J = 7.1 Hz, 2H), 3.85 (s, 3H), 3.20 (t, J = 5.6 Hz, 2H), 2.86 (t, J = 6.3 Hz, 2H), 2.1–2.0 
(quint, J = 6.3 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR (100.62 MHz, CDCl3) d 167.3 (s), 
160.9 (s), 157.6 (s), 155.8 (s), 150.7 (s), 120.8 (d), 118.2 (s), 114.2 (s), 111.6 (d), 110.4 
(d), 96.5 (d), 59.7 (t), 55.7 (q), 26.6 (t), 24.0 (t), 22.8 (t), 14.5 (q); IR (NaCl) u 1706 (m, 
C=O), 1672 (s), 1580 (s, C=C) cm-1; MS (EI) m/z (%) 283 (M+, 64); HRMS (EI) calcd. for 
C17H18O4, 286.1205; found, 286.1205. 
Representative Procedure for Consecutive Sonogashira/Oxidative Cascade 
Cyclizations. PdCl2(PPh3)2 (0.011 g, 0.015 mmol) and CuI (0.6 mg, 0.003 mmol) were 
added to a solution of an amide 5.2 (0.310 mmol) and 5.3a (0.062 g, 0.371 mmol) in Et3N 
(2.6 mL). The resulting mixture was heated under Ar at 55 ºC for 2.5 h, and then Et3N was 
removed under vacuo. Maleic anhydride (0.030 g, 0.309 mmol), 1,2-dihydroxybenzene 
(0.7 mg, 0.006 mmol) and DMF (2.6 mL) were added, and the mixture was stirred at 80 ºC 
for 3-6 h under an air atmosphere. After cooling to 25 ºC, saturated NaHCO3 was added, 
and the mixture was extracted with EtOAc. The combined organic extracts were washed 
with water and dried over Na2SO4. The solvent was evaporated, and the product 5.10 was 
purified by flash chromatography (silica gel saturated with Et3N, hexanes/EtOAc/Et3N). 
Ethyl (E)-2-[(Z)-6-(phenylimino)-2,3,4,6-tetrahydro-1H-benzo[c]chromen-1-
ylidene]-acetate (5.10a). Yellowish solid; m.p. 100-101 ºC; 1H NMR (300 MHz, CDCl3) d 
8.40 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H), 7.6-7.5 (m, 1H), 7.5-7.4 (m, 1H), 7.4-7.3 
(m, 2H), 7.18 (d, J = 8.2 Hz, 2H), 7.10 (t, J = 7.3 Hz, 1H), 6.19 (s, 1H), 4.21 (q, J = 7.1 Hz, 
2H), 3.15 (t, J = 6.4 Hz, 2H), 2.50 (t, J = 6.5 Hz, 2H), 2.0-1.9 (m, 2H), 1.32 (t, J = 7.1 Hz, 
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3H); 13C NMR (75.5 MHz, CDCl3) d 166.9 (s), 155.6 (s), 150.9 (s), 148.3 (s), 146.1 (s), 
132.0 (d), 131.1 (s), 128.7 (d), 128.2 (d), 127.6 (d), 124.6 (s), 123.8 (d), 123.6 (d), 122.7 
(d), 115.6 (d), 112.2 (s), 59.9 (t), 27.4 (t), 27.3 (t), 21.6 (t), 14.3 (q); IR (KBr) u 1709 (s, 
OC=O), 1654 (s, NC=O), 1590 (s, C=C) cm-1; MS (EI) m/z 359 (M+, 63); HRMS calcd for 
C23H21NO3 359.1521, found 359.1525. 
Ethyl (E)-2-[(Z)-8,9-dimethoxy-6-(phenylimino)-2,3,4,6-tetrahydro-1H-
benzo[c]chromen-1-ylidene]acetate (5.10b). A mixture of Et3N/THF (4:1.5; 10.5 
mL/mmol) was used instead of Et3N. Yellow solid; m.p. 171-173 ºC; 1H NMR (300 MHz, 
CDCl3) d 7.84 (s, 1H), 7.4-7.3 (m, 2H), 7.25 (s, 1H), 7.18 (d, J = 8.1 Hz, 2H), 7.08 (t, J = 
7.3 Hz, 1H), 6.22 (s, 1H), 4.20 (q, J = 7.1 Hz, 2H), 4.01 (s, 3H), 3.95 (s, 3H), 3.15 (t, J = 
6.4 Hz, 2H), 2.49 (t, J = 6.5 Hz, 2H), 2.0-1.9 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H); 13C NMR 
(75.5 MHz, CDCl3) d 166.9 (s), 154.7 (s), 152.4 (s), 151.6 (s), 148.8 (s), 148.4 (s), 146.4 
(s), 128.6 (d, 2x), 125.6 (s), 123.4 (d), 122.7 (d, 2x), 117.6 (s), 115.1 (d), 111.9 (s), 109.0 
(d), 105.6 (d), 59.8 (t), 56.2 (q), 56.0 (q), 27.3 (t), 27.1 (t), 21.6 (t), 14.3 (q); IR (KBr) u 1710 
(s, OC=O), 1652 (s, NC=O), 1591 (s, C=C) cm-1; MS (EI) m/z 419 (M+, base); HRMS calcd 
for C25H25NO5 419.1733, found 419.1731. 
Ethyl (E)-2-{(Z)-6-[(4-methoxyphenyl)imino]-2,3,4,6-tetrahydro-1H-
benzo[c]chromen-1-ylidene}acetate (5.10c). Yellow solid; m.p. 129-131 ºC; 1H NMR 
(300 MHz, CDCl3) d 8.39 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.6-7.5 (m, 1H), 7.40 
(t, J = 7.7 Hz, 1H), 7.3-7.2 (m, 2H), 6.9-6.8 (m, 2H), 6.19 (s, 1H), 4.21 (q, J = 7.1 Hz, 2H), 
3.83 (s, 3H), 3.17 (t, J = 6.5 Hz, 2H), 2.55 (t, J = 6.5 Hz, 2H), 2.0-1.9 (m, 2H), 1.32 (t, J = 
7.1 Hz, 3H); 13C NMR (75.5 MHz, CDCl3) d 166.9 (s), 156.3 (s), 155.6 (s), 150.9 (s), 147.5 
(s), 138.7(s), 131.6 (d), 130.9 (s), 128.0 (d), 127.5 (d), 124.9 (s), 124.6 (d, 2x), 123.5 (d), 
115.4 (d), 113.8 (d, 2x), 112.1 (s), 59.9 (t), 55.4 (q), 27.4 (t), 27.3 (t), 21.6 (t), 14.3 (q); IR 
(KBr) u 1710 (s, OC=O), 1653 (s, NC=O), 1506 (s, C=C) cm-1; MS (EI) m/z 389 (M+, base); 
HRMS calcd for C24H23NO4 389.1627, found 389.1625. 
Ethyl (E)-2-[(Z)-6-(ptolylimino)-2,3,4,6-tetrahydro-1H-benzo[c]chromen-1-
ylidene]acetate (5.10d). Yellow viscous oil; 1H NMR (300 MHz, (CD3)2CO) d 8.34 (d, J = 
7.8 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.7-7.6 (m, 1H), 7.44 (t, J = 7.5 Hz, 1H), 7.14 (s, 4H), 
6.13 (s, 1H), 4.16 (q, J = 7.1 Hz, 2H), 3.14 (t, J = 6.4 Hz, 2H), 2.52 (t, J = 6.5 Hz, 2H), 2.30 
(s, 3H), 1.9-1.8 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H); 13C NMR (75.5 MHz, (CD3)2CO) d 166.9 
(s), 156.8 (s), 151.6 (s), 148.2 (s), 144.2 (s), 133.9 (s), 132.8 (d), 131.8 (s), 129.9 (d, 2x), 
128.7 (d), 128.4 (d), 125.5 (s), 124.3 (d), 123.9 (d, 2x), 116.2 (d), 112.5 (s), 60.2 (t), 27.8 
(t), 27.7 (t), 22.4 (t), 21.00 (q), 14.7 (q); IR (KBr) u 1711 (s, OC=O), 1655 (s, NC=O), 1602 
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(m, C=C) cm-1; MS (EI) m/z 373 (M+, 90); HRMS  calcd for C24H23NO3 373.1678, found 
373.1683. 
Ethyl (E)-2-{(Z)-6-[(4-chlorophenyl)imino]-2,3,4,6-tetrahydro-1H-
benzo[c]chromen-1-ylidene}acetate (5.10e). Yellow solid; m.p. 103-105 ºC; 1H NMR 
(300 MHz, (CD3)2CO) d 8.35 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.7-7.6 (m, 1H), 
7.5-7.4 (m, 1H), 7.34 (d, J =  8.7 Hz, 2H), 7.24 (d, J = 8.7 Hz, 2H), 6.15 (s, 1H), 4.17 (q, J 
= 7.1 Hz, 2H), 3.2-3.1 (m, 2H), 2.55 (t, J = 6.5 Hz, 2H), 2.0-1.9 (m, 2H), 1.26 (t, J = 7.1 Hz, 
3H); 13C NMR (75.5 MHz, (CD3)2CO) d 166.9 (s), 156.6 (s), 151.4 (s), 149.5 (s), 146.0 (s), 
133.3 (d), 132.0 (s), 129.4 (d, 2x), 129.2 (s), 128.9 (d), 128.6 (d), 125.5 (d, 2x), 125.1 (s), 
124.4 (d), 116.5 (d), 112.8 (s), 60.3 (t), 27.8 (t), 27.7 (t), 22.4 (t), 14.7 (q); IR (KBr) u 1711 
(s, OC=O), 1654 (s, NC=O), 1610 (m, C=C) cm-1; MS (EI) m/z 395 (M+, 27); HRMS calcd 
for C23H2035ClNO3 393.1132, found 393.1129; HRMS calcd for C23H2037ClNO3 395.1102, 
found 395.1108. 
Ethyl (E)-2-[(Z)-6-(butylimino)-2,3,4,6-tetrahydro-1H-benzo[c]chromen-1-
ylidene]acetate (5.10f). Yellow oil; 1H NMR (300 MHz, CDCl3) d 8.18 (dd, J = 7.9, 1.1 Hz, 
1H), 7.71 (d, J = 8.0 Hz, 1H), 7.5-7.4 (m, 1H), 7.3-7.2 (m, 1H), 6.16 (s, 1H), 4.19 (q, J = 
7.1 Hz, 2H), 3.49 (t, J = 7.0 Hz, 2H), 3.2-3.1 (m, 2H), 2.56 (t, J = 6.5 Hz, 2H), 2.0-1.9 (m, 
2H), 1.7-1.6 (m, 2H), 1.5-1.4 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H), 0.96 (t, J = 7.3 Hz, 3H); 13C 
NMR (75.5 MHz, CDCl3) d 167.1 (s), 155.9 (s), 151.3 (s), 148.6 (s), 131.0 (d), 130.3 (s), 
127.3 (d, 2x), 125.1 (s), 123.5 (d), 114.9 (d), 111.5 (s), 59.8 (t), 46.0 (t), 32.9 (t), 27.5 (t, 
2x), 21.6 (t), 20.7 (t), 14.3 (q), 14.0 (q); IR (KBr) u 1713 (s), 1668 (s), 1627 (m) cm-1; HRMS 
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A three-component, one-pot, stepwise Sonogashira-heterocyclization-Heck 
coupling  process was developed starting from either haloarenecarboxamides, 
halophenols or haloanilines, terminal alkynes and electron-deficient alkenes. Cyclic 
imidate-, benzofuran-, or indole-type products are obtained, respectively, in useful yields, 
being typically better than those obtained with isolation of the intermediate Sonogashira 
adducts. Very high 6-endo selectivity is maintained with imidate-type coupling products 




Multistep syntheses can often be simplified by running two or more consecutive 
steps without isolation of intermediates. Ideally, these one-pot multicomponent procedures 
would simply involve the mixing of reagents, which then participate chemoselectively in a 
particular sequence of events leading to the final product. 211a, 235 Alternatively, a one-pot, 
stepwise procedure may be adopted where some additional external manipulation is 
needed. For example, the sequential introduction of reagents in a certain order may be a 
requirement for success. 111 236 237 238 239 171 240 Whatever the actual protocol, the 
advantages of these types of operational strategies usually include lower costs, a more 
expeditious procedure, fewer purifications, and often, higher overall yields. When the 
consecutive steps in a multicomponent process include metal-catalyzed reactions, 238 107, 
241 186 242 211b 243 244 245 246 247 248 one particular challenge is the finding of a so-called 
“multitask catalyst” 236 238 that is suitable for all the different steps involved in the overall 
transformation. For example, one-pot, consecutive Sonogashira-cycloisomerization 
reactions have been employed extensively. 249 However, reports on the related process 
involving an additional coupling after the cyclization step (Sonogashira-cyclization-
coupling) are scarce, 111 237 239 171 240 107, 241 186 particularly when the new coupling takes 
place under oxidative conditions. 239 171 241 136, 182-183, 205a-d, 250 A key problem in this case is 
the difficulty in running the air-sensitive Sonogashira reaction and an oxidative coupling 
process (e.g., Heck) under a unique set of conditions, a situation where a one-pot stepwise 
procedure may be advantageous. One such case is the formation of tricyclic products 6.4 
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from 2-iodobenzamides 6.1 and alkyne 6.2, involving consecutive Sonogashira and 
cascade cyclization-intramolecular oxidative Heck reactions. The reaction is performed in 
a one-pot, stepwise fashion without isolation of the intermediate Sonogashira adduct 6.3 
(Scheme 6.1). 171 The same strategy has been employed in the preparation of 3-(1-
alkenyl)benzofurans in a microwave-assisted process. 241 
 
Scheme 6.1 
In fact, the cyclic imidate substructure embedded in products 6.4 has been the 
subject of significant attention in the literature. 251 252 253 254 255 256 257 258 While this is due in 
part to some interesting biological activities displayed by five- and six-membered cyclic 
imidates 254 255 256 257 258 and to their use as ligands in asymmetric catalysis, 259 it is also 
noted that the preparation of these compounds has revealed a rather unexpected strong 
tendency of 2-alkynylbenzamides to undergo O-cyclization in palladium-catalyzed 
processes. 171 255 256 170 257 258 Furthermore, the regiochemistry of the cyclization has been 
found to be variable, depending on the reaction conditions. For example, under the 
oxidative Heck conditions of Scheme 6.1, intermediate 2-alkynylbenzamides 6.3 undergo 
highly selective 6-endo-cyclizations, 171 170 whereas an alternative coupling with aryl 
halides has been reported with 5-exo regioselectivity, 255 and reactions cocatalyzed by 
palladium and copper led to oxidative dimerization products, also with 5-exo 
regiochemistry. 256 Significantly, in the one-pot preparation of 6.4, the formation of side-
products, presumably regioisomers and/or dimers, was suppressed with the addition of 
catechol, which was suspected to act as copper scavenger. 171 217 260 in this particular case, 
it is also likely that the intramolecular nature of the Heck coupling contributed such that it 
prevailed over the alternative competitive oxidative dimerization. 256 Based on these 
precedents, it was considered interesting to study the possibility of applying the stepwise 
protocol of Scheme 6.1 to the corresponding three-component process using 
halobenzamides, alkynes and ethyl acrylate, without isolation of intermediate Sonogashira 
adducts. The cyclization-intermolecular Heck coupling cascade of 2-alkynylbenzamides 
and alkenes has been shown to also provide cyclic amidates in a 6-endo-selective manner. 
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170 By performing the coupling in the presence of the copper salts carried over from the 
Sonogashira coupling, the effect of copper on the regiochemistry and coupling efficiency 
would be evaluated in the absence of any intramolecular bias. We now report that the 
three-component process from haloarenecarboxamides 6.1 (and related substrates), 
terminal alkynes and ethyl acrylate is also effective without isolation of the intermediate 
Sonogashira adducts, and that cyclic imidate type coupling products are obtained with very 
high 6-endo selectivity. In contrast with the variant shown in Scheme 6.1, this new protocol 
does not require the use of additives such as maleic anhydride and catechol. 
Nevertheless, the isolated yields are improved compared to those reported via the two-
step procedure, and some new substitution patterns have been incorporated successfully. 
Examples of derivatization by functional group manipulation of the products are also 
described. Additionally, extension of this one-pot process to the similar use of 2-iodo-
phenols and -anilines is also demonstrated. 
 
6.2 RESULTS AND DISCUSSION 
 
Iodobenzamide 6.5a (Ar = C6H4, R1 = Ph, in Table 6.1) was used as test substrate, 
and was subjected initially to Sonogashira conditions with phenylacetylene (6.6a) in the 
presence of excess ethyl acrylate (6.7). A stoichiometric amount of copper(II) chloride 
(CuCl2) 217 was used in an attempt to provide the oxidant to generate the palladium(II) 
needed for cyclization-Heck coupling after the initial palladium(0)-promoted Sonogashira 
reaction. In this manner, the coupling product 6.9a would be synthesized in a one-pot, 
three-component coupling. In the event, the corresponding Sonogashira adduct 6.8a 170 
was formed readily, as judged by TLC, but did not react further. Formation of the desired 
cascade product 6.9a took place only when air was allowed to enter the system and 
replace the initial argon atmosphere. Following this procedure, product 6.9a was obtained 
in 40% yield accompanied by other unidentified coupling products. The yield of 6.9a was 
improved to 82% when triethylamine was evaporated before carrying out the cyclization-
Heck cascade (entry 1, Table 6.1, Method A). Therefore, as previously observed in the 
corresponding intramolecular Heck processes, 171 the presence of triethylamine had a 
deleterious effect on the formation of 6.9. Remarkably, the maleic anhydride and catechol 
additives found necessary in those reactions were not required in this case. The yield of 
6.9a (82%) compares favorably with the 72% overall yield obtained when the reaction was 
performed in two steps, with isolation of Sonogashira adduct 6.8a, and starting from the 
same substrates (6.5a, 6.6a and ethyl acrylate substrates). 170 The results on the 
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application of the same conditions to a collection of 2-halobenzamide-type substrates 6.5 
and alkynes 6.6 are shown in Table 6.1. We used the preparation of known compounds 
6.9a and 6.9b 170 to confirm both the validity of the structural assignments and the yield 
advantage realized when performing the whole sequence without isolation of 
intermediates (Table 6.1, entries 1 and 2). The remainder of compounds 6.9 are new 
structures incorporating various combinations of aryl and alkyl groups at R1 and R2, as well 
as substitution on the aryl ring of the starting haloarenecarboxamide 6.5 (Table 6.1, entries 
9-15). Additionally, heterocyclic motives have also been introduced at various positions 
(table 6.1, entries 6, 7 and 15). Structural assignments for new products were initially made 
by analogy with known compounds 6.9a and 6.9b, and were confirmed by X-ray analysis 
of 6.9g (see the Supporting Information, Figure 1). 
Additionally, reaction conditions were developed in which the triethylamine 
evaporation step was avoided by reducing the relative amount of the amine and by using 
triphenylphosphine (PPh3) as an additive (Method B). The yields were similar to those 
obtained using method A (Table 6.1, entries 5, 7 and 13). Besides, it was interesting that 
haloarenecarboxamides 6.5 underwent Sonogashira coupling with alkynes 6.6 selectively, 
even in the presence of excess ethyl acrylate, without any apparent interference from the 
alternative Heck coupling with the alkene. Also, it is worth noting that in the presence of 
both palladium and copper complexes, the intermolecular Heck coupling competes 
effectively with the alternative oxidative dimerization, 256 thus ruling out the need for an 
intramolecular bias to perform these reactions. It is also noted that the regiochemistry of 
the cyclization is 6-endo-selective, even in the presence of copper salts, implying that 






Table 6.1 One-pot, Stepwise Sonogashira-Cascade Oxycyclization-Oxidative 
Coupling from Halocarboxamides 6.5, Alkynes 6.6 and Ethyl Acrylatea 
 




6.5a Ph Ph (6.6a) A 6.9a 82 (72) 
2 6.5b p-
MeOC6H4 
Ph (6.6a) A 6.9b 75 (66) 
3 6.5a Ph p-MeOC6H4 
(6.6b) 
A 6.9c 67 
4 6.5c p-ClC6H4 n-Hex (6.6c) A 6.9d 78 
5 6.5c p-ClC6H4 n-Hex (6.6c) B 6.9e 75 
6 6.5c p-ClC6H4 thien-3-yl 
(6.6d) 
A 6.9e 69 
7 6.5c p-ClC6H4 thien-3-yl 
(6.6d) 
B 6.9e 56 
8 6.5d n-Bu n-Hex (6.6c) Ac 6.9f 68 





6.5e Ph n-Hex (6.6c) A 6.9h 74 
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6.5f Ph Ph (6.6a) A 6.9i 54 
12 6.5f Ph n-Hex (6.6c) A 6.9j 47 
13 6.5f Ph n-Hex (6.6c) B 6.9j 50 
14 6.5g n-Bu n-Hex (6.6c) A 6.9k 64 
15 
 
6.5h Ph n-Hex (6.6c) Ad 6.9l 52 
aReaction Conditions: Method A: (i) PdCl2(PPh3)2 (5 mol%), CuI (1 mol%), 6.6 (1.2 equiv), 
Et3N (8.6 mL/mmol), 55 ºC, Ar, 2-5 h; (ii) evaporation of Et3N; (iii) ethyl acrylate (6 equiv), DMF, 80 
ºC, air, 16-24 h. Method B: (i) PdCl2(PPh3)2 (5 mol%), CuI (20 mol%), PPh3 (5 mol%), 6.6 (2 equiv), 
ethyl acrylate (2 equiv), Et3N (2 equiv), DMF (3 mL/mmol), 60 ºC, Ar, 21-24 h; (ii) 60 ºC (except 
entry 7, 80 ºC), air, 19-24 h. bYield in parentheses es that over the two steps with isolation and 
purification of the intermediate Sonogashira product. 170 cCatalyst (2%) and pyridine (1 equiv) were 
used; 42 h for step (iii).dSteps (i) and (iii) were conducted at 80 ºC and 100 ºC, respectively. 
The imino functionality of products 6.9 was sensitive to acidic conditions, as shown 
by the conversion of 6.9a into lactone 6.10 204 261 (Scheme 6.2, a), but products 6.9 were 
otherwise reasonably stable and they could be purified by silica gel chromatography, 
provided that the silica was first saturated with triethylamine. Alternatively, as exemplified 
in Scheme 6.2 (b), selective hydrolysis of the ester function was possible to afford the 
corresponding acids 6.11a, b, which were also stable compounds.  
Table 6.2 One-pot, Stepwise Sonogashira-Cascade Heterocyclization-Oxidative 
Coupling of Iodophenol 6.12 or Iodoanilines 6.13, Alkyne 6.14 and Alkenes 6.15a 
 
Entry Substrate R1 A Method Temp (ºC) Product Yield (%)b 
1 6.12a H CO2n-Bu A 80 6.16a 97 (90) 
2 6.12a H CO2n-Bu B 50 6.16a 60 (90) 
3 6.12a H COMe A 80 6.16b 64 (90) 
4 6.12b MeO CO2n-Bu B 50 6.16c 80 
5 6.13a H CO2n-Bu A 100 6.17a 78 (73) 
6 6.13a H CO2n-Bu B 50 6.17a 80 (73) 
7 6.13b Me CO2n-Bu A 100 6.17b 74 (48) 
aReaction conditions: Method A: (i) PdCl2(PPh3)2 (2 mol%), CuI (4 mol%), 6.14 (1.3 equiv), 
Et3N (3 equiv), DMF, 25 ºC, Ar, 2 h; (ii) evaporation of Et3N; (iii) 6.15 (6 equiv), air, 20 h. Method B: 
(i) PdCl2(PPh3)2 (5 mol%), CuI (20 mol%), Ph3P (5 mol%), 6.14 (2 equiv), 6.15 (2 equiv), Et3N (2 
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equiv), DMF (3 mL/mmol), 50 ºC, Ar, 1.5 h; (ii) air, 50 ºC, 5 h. bYield in parentheses is that over the 
two steps with isolation of the corresponding intermediate Sonogashira product. 170 
Next, the extension of this one-pot, stepwise protocol to phenol- and aniline-type 
substrates was investigated and found to be similarly effective, as shown by the 
preparation of benzofurans 6.16 and indoles 6.17 (Table 6.2), with yields, that in most 
cases, were improved compared to those reported with isolation of intermediate 
Sonogashira adducts. 170 In the case of benzofurans 6.16, the employed conditions offer 
a practical alternative to the recently reported microwave-assisted preparation. 241 
Finally, encouraged by these results, we also studied the corresponding reactions 
of iodophenols 6.12 and iodoaniline 6.13 with functionalized alkynes 6.2 or 6.18 (Table 
6.3). In these cases, only conditions of method B were found to give useful results. 
However, in line with results displayed in Tables 6.1 and 6.2, the yields of benzofurans 
6.19 and indole 6.20 were often improved those previously reported, 171 and the 
advantages in simplicity of this new protocol are maintained. 
Table 6.3 One-pot, Stepwise Sonogashira-Cascade Heterocyclization-Oxidative 
Coupling from Iodophenols 6.12 or Iodoaniline 6.13 and Alkynes 6.2 or 6.18a 
 
Entry Substrate R1, R2 Alkyne Product Yield (%)b 
1 6.12a H, H 6.2 6.19a 72 (88) 
2 6.12a H, H 6.18 6.19b 72 (58) 
3 6.12b MeO, H 6.2 6.19c 55 (60) 
4c 6.12c H, MeO 6.2 6.19d 47 (40) 
5 6.13 H, H 6.2 6.20 56 
aReaction conditions: Method B: (i) Pd(PPh3)2Cl2 (5 mol%), CuI (20 mol%), Ph3P (5 mol%), 
Et3N (2 equiv), alkyne (2 equiv), DMF (3 mL/mmol), 50 ºC, Ar, 0.5 h; (ii) air, 50 ºC, 17-22 h. bYield 
in parentheses is that over the two steps with isolation of the corresponding intermediate 






In conclusion, a three-component, stepwise, one-pot protocol involving 
Sonogashira and cascade heterocyclization-Heck-type coupling reactions has been 
demonstrated starting from terminal alkynes, electron-deficient alkenes and 2-
halobenzamide-, 2-iodophenol- or 2-iodoaniline-type substrates. This protocol is useful for 
the preparation of alkene-substituted isochromenimines, benzofurans and indoles. Where 
comparisons are available, the yields were generally improve compared to those reported 
using analogous procedures with isolation of the intermediate Sonogashira adducts. In the 
case of benzamide substrates the scope has been expanded with the incorporation of new 
substitution patterns. Besides the usual benefits derived from increased simplicity, the new 
procedures avoid the use of the additives, which are required when the reactions are 
performed using the isolated Sonogashira adducts. 
 
6.4 EXPERIMENTAL SECTION 
 
All reactions involving air- and moisture-sensitive materials were performed under 
an argon atmosphere. Et3N, CH2Cl2, and toluene were distilled from CaH2 and purged with 
Ar. ACS-Grade DMF was kept over 4 Å MS under Ar. All other reagents were commercial 
compounds of the highest purity available. Analytical thin-layer chromatography (TLC) was 
performed on Merck Kieselgel 60F254 aluminum plates, which were made visual by UV 
irradiation (254 nm), or by staining with an ethanolic solution of phosphomolybdic acid. 
Flash column chromatography was performed on Merck Kieselgel 60 silica gel (230-400 
mesh). Melting points were recorded on a Buchi B-540 apparatus and are uncorrected. 
Infrared spectra (IR) were obtained from a thin film deposited onto a NaCl glass plate using 
a JASCO FT/IR-400 spectrometer; data include only characteristic absorptions. 1H NMR 
spectra were obtained on Bruker AV-300 or AMX-400 spectrometers at 300.13 or 400.16 
MHz in CDCl3 at ambient temperature, with the residual protic solvent as the internal 
reference (δH = 7.26 for CHCl3, and δH = 2.05 for acetone-d6). 13C NMR spectra were 
recorded on the same spectrometers at 75.47 or 100.62 MHz in CDCl3 at ambient 
temperature, with the central peak of the solvent (δC = 77.0 for CDCl3, and δC = 29.8 for 
acetone-d6) as the internal reference. The DEPT sequence was routinely used for 13C 
multiplicity assignment. In addition, COSY, NOE, HSQC, and HMBC data were recorded 
to confirm structural assignments. Electron impact (EI) mass spectra were acquired on a 
Hewlett-Packard HP59970 instrument operating at 70 eV; chemical ionization (CI) mass 
spectra were adquired on an Agilent 6890N gas chromatograph coupled to a mass 
spectrometer with a Micromass GCT Time of Flight (TOF) analyzed; electrospray 
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ionization (ESI) mass spectra were acquired on a microTOF focus mass spectrometer 
(Bruker Daltonics) using an ApolloII (ESI) source with a voltage of 4500 V applied to the 
meedle, and a counter voltage between 100 and 150 V applied to the capillary. Iodoamides 
6.5a-g were prepared from the corresponding acids according to a literature procedure, 
225 but modified by using toluene in place of benzene. Compounds 6.5a, 226 6.5b, 226 6.5c, 
228 6.5d, 229 6.5f 171 and 6.5h 262 were characterized by comparison with literature data. 
4-Chloro-2-iodo-N-phenylbenzamide (6.5e). DMF (2 drops) and oxalyl chloride 
(180 μL, 2.12 mmol) were added to a suspension of 4-chloro-2-iodobenzoic acid (0.400 g, 
1.42 mmol) in toluene (5mL). After the acid had dissolved and evolution of gas had ceased, 
the misture was concentrated under vacuum to afford the crude acyl chloride, which was 
used without further purification. To a solution of this crude acyl chloride in CH2Cl2 (6 mL) 
was added a solution of Et3N (592 L, 4.25 mmol) and aniline (129 L, 1.42 mmol) in 
CH2Cl2 (6 mL). The mixture was stirred for 1 h and then saturated ammonium chloride aq 
NH4Cl soln (5 mL) was added. The aqueous layer was extracted with CH2Cl2 (3 x 5 mL), 
and the combined organic layers were dried (Na2SO4) and evaporated. The crude residue 
was  purified by flash chromatography (silica gel, 90:10 to 85:15 hexanes/EtOAc), to afford 
6.5e (400 mg, 79%) as a white solid. Mp 172-173 °C. FTIR (film): 1653 (s), 1600 (s) cm-1. 
1H NMR (300.13 MHz, (CD3)2CO): δ = 7.18 (t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.8 Hz, 2H), 
7.57 (s, 1H), 7.83 (d, J = 7.8 Hz, 2H), 8.00 (s, 1H), 9.55 (s, 1H). 13C NMR (75.47 MHz, 
(CD3)2CO): δ = 93.8 (C), 120.6 (2 x CH), 124.9 (CH), 129.1 (CH), 129.6 (2 x CH), 130.0 
(CH), 136.0 (C), 139.5 (CH), 139.9 (C), 143.0 (C), 167.4 (C). MS (EI): m/z (%) = 359 (7) 
[M]+, 357 (20) [M]+, 267 (25), 265 (base). HRMS: m/z [M]+ calcd for C13H935ClINO: 
356.9417; found: 356.9423. m/z [M]+ calcd for C13H937ClINO: 358.9388; found: 358.9385. 
N-Butyl-2-iodo-4,5-dimethoxybenzamide (6.5g). The above procedure was 
followed using 2-iodo-4,5-dimethoxybenzoic acid (2.03 g, 6.59 mmol) and butylamine (651 
L, 6.59 mmol). The crude amide 6.5g (2.34 g, 98%) was used without further purification. 
Mp 112-114 ºC. FTIR (film): 3275 (m, NH), 1635 (s, C=O), 1593 (s), 1539 (s), 1496 (s) cm-
1. 1H NMR (300.13 MHz, CDCl3): δ = 0.97 (t, J = 7.3 Hz, 3H), 1.39-1.51 (m, 2H), 1.58-1.68 
(m, 2H), 3.41-3.48 (m, 2H), 3.86 and 3.87 (2 s, 6H), 5.84 (br, NH), 7.00 (s, 1H), 7.20 (s, 
1H). 13C NMR (75.47 MHz, CDCl3): δ = 13.7 (CH3), 20.2 (CH2), 31.2 (CH2), 39.8 (CH2), 
56.0 (CH3), 56.2 (CH3), 80.7 (C), 111.8 (CH), 121.8 (CH), 134.6 (C), 149.1 (C), 150.3 (C), 
168.7 (C). MS (CI): m/z (%) = 364 (base) [M + H]+, 363 (28). HRMS: m/z [M + H]+ calcd 
for C13H19INO3: 364.0410; found: 364.0418. 
Products 6.9; Typical Procedures 
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 Method A: To a solution of 6.5 (1.55 mmol) and alkyne 6.6 (1.86 mmol) in Et3N 
(13 mL) were added PdCl2(PPh3)2 (54 mg, 77 mol) and CuI (3.0 mg, 15 mol). The 
resulting mixture was then heated under Ar at 55 ºC for 2-5 h and then Et3N was removed 
under vacuo. DMF (13 mL) and ethyl acrylate (6.7) (1.01 mL, 9.28 mmol) were added, and 
the mixture was stirred at 80 ºC for 16-24 h. The mixture was allowed to cool to 25 ºC and 
a saturated NaHCO3 solution (25 mL) was added. The mixture was extracted with EtOAc 
(3 x 50 mL), the combined organic extracts were washed with water (15 mL) and dried 
(Na2SO4), and the solvent was removed. The residue was purified as indicated below for 
the individual cases. 
 Method B: To a solution of 6.5 (0.140 mmol) and alkyne 6.6 (0.280 mmol) in DMF 
(420 L) were added PdCl2(PPh3)2 (4.9 mg, 7.0 mol), CuI (5.3 mg, 28 mol), PPh3 (1.8 
mg, 6.9 mol), Et3N (39 L, 0.28 mmol) and ethyl acrylate (6.7) (30 L, 0.28 mmol), and 
the mixture was stirred under Ar at 60 ºC. After 21-24 h, air was allowed into the system, 
and the mixture was stirred at 60 ºC (entries 5 and 7, Table 6.1) or 80 ºC (entry 7, Table 
6.1) for 19-24 h. The work-up procedure described in method A above was then followed.  
Ethyl (E)-3-[(Z)-3-Phenyl-1-(phenylimino)-1H-isochromen-4-yl]acrylate (6.9a). 
Prepared from 6.5a 226 (500 mg, 1.55 mmol) and phenylacetylene (204 L, 1.86 mmol). 
The crude product was purified by flash chromatography (silica gel saturated with Et3N, 
98.5:0.5:1 to 97.5:1.5:1 hexanes/EtOAc/Et3N), to afford 6.9a (502 mg, 82%), characterized 
by comparison of its 1H NMR spectrum with the reported data. 
Ethyl (E)-3-[(Z)-1-(4-Methoxyphenylimino)-3-phenyl-1H-isochromen-4-
yl]acrylate (6.9b). Prepared from 6.5b 226 (500 mg, 1.42 mmol) and phenylacetylene (186 
L, 1.70 mmol). The crude product was purified by flash chromatography (silica gel 
saturated with Et3N, 98:1:1 to 91:8:1 hexanes/EtOAc/Et3N), to afford 6.9b (450 mg, 75%), 
characterized by comparison of its 1H NMR spectrum with the reported data. 
 Ethyl (E)-3-[(Z)-3-(4-Methoxyphenyl)-1-(phenylimino)-1H-isochromen-4-
yl]acrylate (6.9c). Prepared from 6.5a 226 (0.150 g, 0.464 mmol) and 4-ethynylanisole (72 
L, 0.56 mmol). The crude product was purified by flash chromatography (silica gel 
saturated with Et3N, 94:5:1 to 70:29:1 hexanes/EtOAc/Et3N), to afford 6.9c (0.132 g, 67%) 
as a yellow solid. Mp 125-127 ºC. FTIR (film): 1710 (s), 1650 (s), 1591 (s) cm-1. 1H NMR 
(300.13 MHz, CDCl3): δ = 1.33 (t, J = 7.1 Hz, 3H), 3.82 (s, 3H), 4.27 (q, J = 7.1 Hz, 2H), 
6.28 (d, J = 16.3 Hz, 1H), 6.87 (d, J = 8.9 Hz, 2H), 7.09 (t, J = 7.3 Hz, 1H), 7.20-7.23 (m, 
2H), 7.31-7.49 (m, 5H), 7.57-7.63 (m, 1H), 7.67 (d, J = 16.3 Hz, 1H), 7.74 (d, J = 8.0 Hz, 
1H), 8.47 (d, J = 7.9 Hz, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.3 (CH3), 55.3 (CH3), 
60.6 (CH2), 109.0 (C), 113.7 (2 x CH), 122.7 (2 x CH), 123.5 (CH), 123.7 (CH), 123.9 (CH), 
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124.9 (C), 127.9 (CH), 128.2 (CH), 128.6 (2 x CH), 130.9 (2 x CH), 132.3 (CH), 132.6 (C), 
139.3 (CH), 146.2 (C), 148.6 (C), 152.5 (C), 160.8 (C), 166.5 (C). MS (CI): m/z (%) = 426 
(base) [M + H]+, 425 (76). HRMS: m/z [M + H]+ calcd for C27H24NO4: 426.1705; found: 
426.1686. 
Ethyl (E)-3-[(Z)-1-(4-Chlorophenylimino)-3-hexyl-1H-isochromen-4-
yl]acrylate (6.9d). Prepared from 6.5c 228 (0.500 g, 1.40 mmol) and 1-octyne (247 L, 1.68 
mmol). The crude product was purified by flash chromatography (silica gel saturated with 
Et3N, 98:1:1 to 97:2:1 hexanes/EtOAc/Et3N), to afford 6.9d (478 mg, 78%) as a yellowish 
oil. FTIR (film): 1715 (s), 1652 (s), 1635 (s) cm-1. 1H NMR (300.13 MHz, CDCl3): δ = 0.85-
0.89 (m, 3H), 1.24-1.31 (m, 7H), 1.36 (t, J = 7.1 Hz, 3H), 1.48-1.57 (m, 2H), 2.51 (t, J = 7.4 
Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 6.15 (d, J = 16.1 Hz, 1H), 7.09 (d, J = 8.7 Hz, 2H), 7.30 
(d, J = 8.7 Hz, 2H), 7.41-7.48 (m, 2H), 7.55-7.64 (m, 2H), 7.66 (d, J = 16.0 Hz, 1H), 8.37 
(d, J = 7.8 Hz, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.3 (CH2), 
27.3 (CH2), 28.6 (CH2), 31.0 (CH2), 31.4 (CH2), 60.7 (CH2), 109.7 (C), 123.0 (C), 123.1 
(CH), 124.0 (2 x CH), 124.7 (CH), 127.7 (CH), 128.0 (CH), 128.6 (2 x CH), 128.7 (C), 132.5 
(CH), 132.7 (C), 137.9 (CH), 145.0 (C), 149.4 (C), 155.5 (C), 166.3 (C). MS (EI): m/z (%) 
= 439 (26) [M]+, 438 (19), 437 (74) [M]+, 367 (22), 366 (22), 365 (27), 364 (32), 352 (22), 
350 (38), 308 (31), 294 (25), 282 (20), 280 (60), 279 (26), 266 (23), 254 (25), 253 (35), 
252 (71), 251 (26), 230 (21), 217 (base), 216 (64). HRMS: m/z [M]+ calcd for 
C26H2835ClNO3: 437.1758; found: 437.1752. m/z [M]+ calcd for C26H2837ClNO3: 439.1728; 
found: 439.1717. 
Ethyl (E)-3-[(Z)-1-(4-Chlorophenylimino)-3-thiophen-3-yl-1H-isochromen-4-
yl]acrylate (6.9e). Prepared from 6.5c 228 (0.100 g, 0.280 mmol) and 3-ethynylthiophene 
(33 L, 0.34 mmol). The crude product was purified by flash chromatography (silica gel 
saturated with Et3N, 94:5:1 to 88:11:1 hexanes/EtOAc/Et3N), to afford 6.9e (84 mg, 69%) 
as a yellow-orange solid. Mp 143-145 °C. FTIR (film): 1738 (s), 1717 (s), 1647 (s) cm-1. 1H 
NMR (300.13 MHz, CDCl3): δ = 1.36 (t, J = 7.0 Hz, 3H), 4.30 (q, J = 7.0 Hz, 2H), 6.34 (d, 
J = 16.1 Hz, 1H), 7.14-7.22 (m, 3H), 7.31-7.33 (m, 3H), 7.45-7.50 (m, 2H), 7.59-7.77 (m, 
3H), 8.44 (d, J = 7.5 Hz, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.3 (CH3), 60.8 (CH2), 
109.7 (C), 123.2 (C), 123.7 (CH), 123.9 (2 x CH), 125.4 (CH), 126.0 (CH), 127.2 (CH), 
127.9 (2 x CH), 128.4 (CH), 128.7 (2 x CH), 128.8 (C), 132.5 (C), 132.6 (CH), 133.6 (C), 
138.6 (CH), 144.9 (C), 147.1 (C), 148.9 (C), 166.2 (C). MS (CI): m/z (%) = 436 (base) [M 
+ H]+, 435 (54). HRMS: m/z [M + H]+ calcd for C24H1935ClNO3S: 436.0774; found: 436.0772. 
m/z [M + H]+ calcd for C24H1937ClNO3S: 438.0745; found: 438.0754. 
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Ethyl (E)-3-[(Z)-1-(Butylimino)-3-hexyl-1H-isochromen-4-yl]acrylate (6.9f). 
Prepared from 6.5d 229 (0.150 g, 0.495 mmol) and 1-octyne (88 L, 0.59 mmol). The 
standard procedure was modified as follows: The amount of PdCl2(PPh3)2 was 2 mol% 
and pyridine (40 L, 0.495 mmol) was used as additive in the last step. The crude product 
was purified by flash chromatography (silica gel saturated with Et3N, 98:2 hexanes/Et3N), 
to afford 6.9f (0.130 g, 68%) as a yellow oil. FTIR (film): 1716 (s), 1665 (s), 1636 (s) cm-1. 
1H NMR (300.13 MHz, (CD3)2CO): δ = 0.92 (t, J = 6.9 Hz, 3H), 0.99 (t, J = 7.3 Hz, 3H), 
1.32-1.56 (m, 11H), 1.62-1.71 (m, 2H), 1.72-1.82 (m, 2H), 2.68 (t, J = 7.4 Hz, 2H), 3.52 (t, 
J = 6.9 Hz, 2H), 4.28 (q, J = 7.1 Hz, 2H), 6.22 (d, J = 16.0 Hz, 1H), 7.38-7.43 (m, 1H), 7.46 
(d, J = 7.8 Hz, 1H), 7.56-7.61 (m, 1H), 7.69 (d, J = 16.0 Hz, 1H), 8.20 (dd, J = 7.9, 1.0 Hz, 
1H). 13C NMR (75.47 MHz, (CD3)2CO): δ = 14.3 (CH3), 14.6 (CH3), 21.4 (CH2), 23.2 (CH2), 
28.1 (CH2), 29.3 (CH2), 31.8 (CH2), 32.3 (CH2), 33.8 (CH2), 46.3 (CH2), 61.0 (CH2), 109.5 
(C), 123.7 (CH), 124.7 (C), 124.9 (CH), 127.5 (CH), 128.4 (CH), 132.5 (CH), 132.7 (C), 
138.8 (CH), 148.0 (C), 156.9 (C), 166.5 (C). MS (EI): m/z (%) = 383 (27) [M]+, 362 (36), 
340 (30), 336 (37), 313 (24), 310 (79), 306 (28), 298 (base), (32), 287 (59), 286 (37), 282 
(21), 280 (39), 270 (37), 268 (38), 254 (25), 252 (76), 242 (18), 241 (21), 228 (18), 226 
(20), 224 (46), 214 (43), 213 (26), 212 (61), 211 (35), 200 (26), 198 (35), 197 (23), 196 
(57), 186 (32), 185 (54), 184 (73), 183 (46), 182 (53), 172 (25), 171 (24), 170 (37), 169 
(26), 168 (22), 167 (22), 160 (24), 158 (34), 157 (20), 156 (37), 154 (27), 143 (20), 141 
(22), 140 (53). HRMS: m/z [M]+ calcd for C24H33NO3: 383.2460; found: 383.2463. 
Ethyl (E)-3-[(Z)-6-Chloro-3-phenyl-1-(phenylimino)-1H-isochromen-4-
yl]acrylate (6.9g). Prepared from 6.5e (0.100 g, 0.280 mmol) and phenylacetylene (37 
L, 0.34 mmol). The crude product was stirred 24 h with hexane (20 mL). The solvent was 
decanted, and the solid residue was dissolved in CH2Cl2 (5 mL) and eluted through a short 
column (silica gel, 35-70 m, 2.5 x 6 cm, saturated with Et3N, 95:5 CH2Cl2/Et3N). Finally, 
a solution in CH2Cl2 (10 mL) was washed with NaOH 1M (5 mL) and water (5 mL), and 
dried (Na2SO4) to afford, after evaporation of the solvent, 6.9g (95 mg, 79%) as a yellow 
solid. Mp 185-187 °C. FTIR (film): 1711 (s), 1636 (s), 1588 (s) cm-1. 1H NMR (300.13 MHz, 
CDCl3): δ = 1.33 (t, J = 7.1 Hz, 3H), 4.26 (q, J = 7.1 Hz, 2H), 6.20 (d, J = 16.3 Hz, 1H), 
7.09 (t, J = 7.2 Hz, 1H), 7.21 (d, J = 7.4 Hz, 1H), 7.31 (d, J = 7.4 Hz, 2H), 7.35-7.40 (m, 
3H), 7.45 (d, J = 7.9 Hz, 2H), 7.60 (d, J = 16.3 Hz, 1H), 7.66 (d, J = 1.8 Hz, 1H), 8.42 (d, J 
= 8.5 Hz, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.2 (CH3), 60.8 (CH2), 109.2 (C), 122.2 
(C), 122.2 (2 x CH), 123.4 (CH), 124.1 (CH), 125.1 (CH), 128.3 (2 x CH), 128.7 (2 x CH), 
128.8 (CH), 129.3 (2 x CH), 129.6 (CH), 130.1 (CH), 132.2 (C), 134.1 (C), 138.2 (CH), 
139.0 (C), 145.6 (C), 147.5 (C), 153.3 (C), 166.1 (C). MS (EI): m/z (%) = 431 (7) [M]+, 429 
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(22) [M]+, 357 (20), 105 (base), 77 (30). HRMS: m/z [M]+ calcd for C26H2035ClNO3: 
429.1132; found: 429.1122. m/z [M]+ calcd for C26H2037ClNO3: 431.1102; found: 431.1108. 
Ethyl (E)-3-[(Z)-6-Chloro-3-hexyl-1-(phenylimino)-1H-isochromen-4-
yl]acrylate (6.9h). Prepared from 6.5e (0.150 g, 0.419 mmol) and 1-octyne (74 L, 0.50 
mmol). The crude product was purified by flash chromatography (silica gel saturated with 
Et3N, 98:1:1 to 97:2:1 hexanes/EtOAc/Et3N), to afford 6.9h (0.136 g, 74%) as a yellow oil. 
FTIR (film): 1715 (s), 1657 (s), 1637 (s), 1590 (s) cm-1. 1H NMR (300.13 MHz, CDCl3): δ = 
0.84-0.88 (m, 3H), 1.20-1.30 (m, 6H), 1.37 (t, J = 7.1 Hz, 3H), 1.47-1.54 (m, 2H), 2.49 (t, 
J = 7.4 Hz, 2H), 4.31 (q, J = 7.1 Hz, 2H), 6.15 (d, J = 16.1 Hz, 1H), 7.10-7.16 (m, 3H), 
7.32-7.41 (m, 4H), 7.59 (d, J = 16.1 Hz, 1H), 8.32 (d, J = 8.4 Hz, 1H). 13C NMR (75.47 
MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.3 (CH2), 27.2 (CH2), 28.5 (CH2), 31.1 (CH2), 
31.3 (CH2), 60.8 (CH2), 108.6 (C), 121.7 (C), 122.5 (2 x CH), 122.7 (CH), 123.8 (CH), 
125.0 (CH), 128.1 (CH), 128.6 (2 x CH), 129.3 (CH), 134.3 (C), 137.3 (CH), 138.9 (C), 
145.9 (C), 147.9 (C), 156.8 (C), 166.1 (C). MS (EI): m/z (%) = 439 (22) [M]+, 438 (17), 437 
(69) [M]+, 433 (25), 377 (26), 367 (21), 365 (30), 364 (25), 350 (32), 308 (22), 294 (20), 
282 (20), 280 (40), 266 (28), 257 (20), 254 (34), 253 (45), 252 (73), 251 (28), 218 (24), 
217 (base), 216 (34). HRMS: m/z [M]+ calcd for C26H2835ClNO3: 437.1758; found: 
437.1748. m/z [M]+ calcd for C26H2837ClNO3: 439.1728; found: 439.1748. 
Ethyl (E)-3-[(Z)-6,7-Dimethoxy-3-phenyl-1-(phenylimino)-1H-isochromen-4-
yl]acrylate (6.9i). Prepared from 6.5f 171 (0.100 g, 0.261 mmol) and phenylacetylene (34 
L, 0.31 mmol). The crude residue was purified by flash chromatography (silica gel 
saturated with Et3N, 90:9:1 hexanes/EtOAc/Et3N), to afford 6.9i (64 mg, 54%) as a yellow 
solid. Mp 171-173 °C. FTIR (film): 1702 (s), 1647 (s), 1588 (s), 1512 (s) cm-1. 1H NMR 
(300.13 MHz, CDCl3): δ = 1.30 (t, J = 7.0 Hz, 3H), 3.98 (s, 3H), 4.04 (s, 3H), 4.25 (q, J = 
7.0 Hz, 2H), 6.24 (d, J = 16.4 Hz, 1H), 7.06 (t, J = 6.9 Hz, 1H), 7.12 (s, 1H), 7.20-7.42 (m, 
9H), 7.67 (d, J = 16.4 Hz, 1H), 7.91 (s, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 
56.1 (CH3), 56.3 (CH3), 60.6 (CH2), 105.3 (CH), 108.8 (CH), 109.8 (C), 117.0 (C), 122.7 (2 
x CH), 123.5 (CH), 124.3 (CH), 127.0 (C), 128.2 (2 x CH), 128.6 (2 x CH), 129.3 (2 x CH), 
129.7 (CH), 132.6 (C), 139.4 (CH), 146.4 (C), 148.6 (C), 149.7 (C), 151.4 (C), 152.9 (C), 
166.3 (C). MS (EI): m/z (%) = 455 (32) [M]+, 287 (25), 105 (base).  HRMS: m/z [M]+ calcd 
for C28H25NO5: 455.1733; found: 455.1732. 
Ethyl (E)-3-[(Z)-3-Hexyl-6,7-dimethoxy-1-(phenylimino)-1H-isochromen-4-
yl]acrylate (6.9j). Prepared from 6.5f 171 (0.400 g, 1.04 mmol) and 1-octyne (185 L, 1.25 
mmol). The crude product was purified by flash chromatography (silica gel saturated with 
Et3N, 89:10:1 hexanes/EtOAc/Et3N), to afford 6.9j (0.209 g, 47%) as a yellow solid. Mp 
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87-89 °C. FTIR (film): 1712 (s), 1635 (s), 1589 (s), 1517 (s) cm-1. 1H NMR (300.13 MHz, 
CDCl3): δ = 0.83-0.88 (m, 3H), 1.19-1.30 (m, 6H), 1.35 (t, J = 7.1 Hz, 3H), 1.46-1.53 (m, 
2H), 2.49 (t, J = 7.6 Hz, 2H), 3.96 and 4.01 (2 s, 6H), 4.29 (q, J = 7.3 Hz, 2H), 6.15 (d, J = 
16.0 Hz, 1H), 6.85 (s, 1H), 7.05-7.15 (m, 3H), 7.30-7.35 (m, 2H), 7.66 (d, J = 16.0 Hz, 1H), 
7.83 (s, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.4 (CH2), 27.4 
(CH2), 28.6 (CH2), 31.0 (CH2), 31.4 (CH2), 56.2 (CH3), 56.3 (CH3), 60.8 (CH2), 104.7 (CH), 
108.6 (CH), 109.3 (C), 116.3 (C), 122.6 (2 x CH), 123.3 (CH), 124.2 (CH), 127.4 (C), 128.6 
(2 x CH), 138.4 (CH), 146.8 (C), 149.1 (C), 149.3 (C), 153.0 (C), 154.8 (C), 166.4 (C). MS 
(EI): m/z (%) = 463 (84) [M]+, 390 (30), 351 (36), 306 (29), 304 (21), 279 (30), 278 (base), 
263 (25), 262 (21), 247 (36). HRMS: m/z [M]+ calcd for C28H33NO5: 463.2359; found: 
463.2362. 
Ethyl (E)-3-[(Z)-1-(Butylimino)-3-hexyl-6,7-dimethoxy-1H-isochromen-4-
yl]acrylate (6.9k). Prepared from 6.5g (0.150 g, 0.413 mmol) and 1-octyne (73 L, 0.50 
mmol). The crude product was purified by flash chromatography (silica gel saturated with 
Et3N, 90:9:1 hexanes/EtOAc/Et3N), to afford 6.9k (0.118 g, 64%) as a viscous oil. FTIR 
(film): 1707 (s), 1661 (s), 1516 (s) cm-1. 1H NMR (300.13 MHz, CDCl3): δ = 0.87-1.03 (m, 
6H), 1.32-1.48 (m, 11H), 1.61-1.73 (m, 4H), 2.58 (t, J = 6.7 Hz, 2H), 3.48 (t, J = 6.9 Hz, 
2H), 3.91 and 3.94 (2 s, 6H), 4.29 (q, J = 7.0 Hz, 2H), 6.14 (d, J = 16.0 Hz, 1H), 6.81 (s, 
1H), 7.63-7.69 (m, 2H). 13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.1 (CH3), 14.3 
(CH3), 20.9 (CH2), 22.5 (CH2), 27.5 (CH2), 28.8 (CH2), 31.3 (CH2), 31.5 (CH2), 33.0 (CH2), 
46.0 (CH2), 56.1 (CH3), 56.2 (CH3), 60.7 (CH2), 104.8 (CH), 108.1 (CH), 108.5 (C), 117.0 
(C), 123.4 (CH), 126.2 (C), 138.9 (CH), 148.9 (C), 149.3 (C), 152.1 (C), 155.1 (C), 166.6 
(C). MS (EI): m/z (%) = 443 (11) [M]+, 358 (24), 155 (base), 127 (26), 85 (22), 81 (20), 71 
(32). HRMS: m/z [M]+ calcd for C26H37NO5: 443.2672; found: 443.2679. 
Ethyl (E)-3-[(Z)-3-Hexyl-1-(phenylimino)-1H-benzo[4,5]thieno[2,3-c]pyran-4-
yl]acrylate (6.9l). Prepared from 6.5h 262 (0.100 g, 0.301 mmol) and 1-octyne (76 L, 0.51 
mmol). The crude product was purified by flash chromatography (silica gel saturated with 
Et3N, 99.5:0:0.5 to 99:0.5:0.5 hexanes/EtOAc/Et3N), to afford 6.9l (72 mg, 52%) as a 
yellow solid. Mp 90-92 °C. FTIR (film): 1715 (s), 1638 (s), 1589 (s) cm-1. 1H NMR (300.13 
MHz, CDCl3): δ = 0.86-0.90 (m, 3H), 1.26-1.34 (m, 7H), 1.40 (t, J = 7.1 Hz, 3H), 1.57-1.67 
(m, 2H), 2.60 (t, J = 7.4 Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 6.15 (d, J = 15.9 Hz, 1H), 7.11 
(t, J = 7.2 Hz, 1H), 7.27 (d, J = 7.5 Hz, 2H), 7.33-7.50 (m, 4H), 7.91 (d, J = 7.8 Hz, 1H), 
7.98 (d, J = 15.9 Hz, 1H), 8.06 (d, J = 7.8 Hz, 1H). 13C NMR (75.47 MHz, CDCl3): δ = 14.0 
(CH3), 14.3 (CH3), 22.4 (CH2), 27.9 (CH2), 28.7 (CH2), 30.6 (CH2), 31.4 (CH2), 60.9 (CH2), 
110.0 (C), 123.2 (2 x CH), 123.3 (CH), 123.9 (CH), 124.9 (CH), 125.0 (CH), 125.3 (CH), 
127.1 (CH), 127.4 (C), 128.6 (2 x CH), 135.0 (C), 135.3 (C), 139.0 (CH), 142.4 (C), 145.7 
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(C), 146.9 (C), 156.5 (C), 166.0 (C). MS (CI): m/z (%) = 460 (base) [M + H]+, 459 (45). 
HRMS: m/z [M + H]+ calcd for C28H30NO3S: 460.1946; found: 460.1941. 
Ethyl (E)-3-[1-Oxo-3-phenyl-1H-isochromen-4-yl]acrylate (6.10). To 6.9a (32 
mg, 81 mol) in EtOH (290 L) at 0 ºC was added HCl  (3M, 280 L) and the resulting 
suspension was stirred for 5 h at room temperature. The mixture was diluted with HCl (1M, 
3 mL) and extracted with EtOAc (3 x 5 mL). The combined organic extracts were washed 
with saturated NaHCO3 (3 mL) and brine  (3 mL), and dried (Na2SO4). The crude product 
was purified by flash chromatography (silica gel, 95:5 to 91:9 hexanes/EtOAc), to afford 
6.10 (14 mg, 54%), identified by comparison of its 1H NMR spectrum with the 
corresponding reported data. 204 
(E)-3-[(Z)-6,7-Dimethoxy-3-phenyl-1-(phenylimino)-1H-isochromen-4-
yl]acrylic Acid (6.11a). A mixture of 6.9i (36 mg, 79 mol), LiOH·H2O (66 mg, 1.6 mmol) 
and THF/H2O (1:1) (2 mL) was stirred at 50 °C for 4 h, cooled to room temperature and 
evaporated under reduced pressure. Water (3 mL) was added to the residue and the whole 
was extracted with EtOAc (3 x 5 mL). The aqueous phase and remaining solid were cooled 
to 0 °C and 10% H2SO4 was added until the liquid was acidic. The mixture was then 
extracted with CH2Cl2 (3 x 10 mL), and the combined organic extracts were washed with 
water (5 mL) and dried (Na2SO4). Filtration and evaporation afforded 6.11i (30 mg, 89%) 
as a yellow solid. Mp 228-230 ºC. FTIR (film): 3011 (s), 1702 (s), 1651 (s), 1589 (s), 1513 
(s) cm-1. 1H NMR (300.13 MHz, (CD3)2CO): δ = 4.02 (s, 6H), 6.29 (d, J = 16.3 Hz, 1H), 
7.06 (t, J = 7.2 Hz, 1H), 7.24-7.37 (m, 5H), 7.45-7.47 (m, 3H), 7.57-7.60 (m, 2H), 7.68 (d, 
J = 16.3 Hz, 1H), 7.94 (s, 1H). 13C NMR (75.47 MHz, (CD3)2CO): δ = 55.4 (CH3), 105.8 
(CH), 108.6 (CH), 110.1 (C), 116.7 (C), 122.7 (2 x CH), 123.1 (CH), 125.0 (CH), 127.0 (C), 
128.2 (2 x CH), 128.5 (2 x CH), 129.4 (2 x CH), 129.7 (CH), 133.0 (C), 138.9 (CH), 146.9 
(C), 148.3 (C); 150.2 (C), 151.3 (C), 153.6 (C), 166.2 (C). MS (EI): m/z (%) = 427 (13) [M]+, 
383 (base), 314 (21), 306 (47), 167 (20), 149 (39), 137 (20), 111 (30), 110 (22), 105 (57). 
HRMS: m/z [M]+ calcd for C26H21NO5: 427.1420; found: 427.1425. 
(E)-3-[(Z)-3-Hexyl-6,7-dimethoxy-1-(phenylimino)-1H-isochromen-4-
yl]acrylic acid (6.11b). The procedure described above for 6.11a was followed from 6.9j 
(40.5 mg, 0.087 mmol) to yield 6.11b (33.4 mg, 88%) as a yellow solid. Mp 168-170 ºC. 
FTIR (film): 2929 (s), 1694 (s), 1645 (s), 1589 (s), 1515 (s) cm-1. 1H NMR (300.13 MHz, 
CDCl3): δ = 0.84-0.88 (m, 3H), 1.18-1.32 (m, 7H), 1.48-1.55 (m, 2H), 2.51 (t, J = 7.4 Hz, 
2H), 3.97 (s, 3H), 4.01 (s, 3H), 6.21 (d, J = 16.0 Hz, 1H), 6.88 (s, 1H), 7.07-7.15 (m, 3H), 
7.34 (t, J = 7.7 Hz, 2H), 7.80 (d, J = 16.0 Hz, 1H), 7.84 (s, 1H). 13C NMR (75.47 MHz, 
CDCl3): δ = 14.0 (CH3), 22.4 (CH2), 27.4 (CH2), 28.6 (CH2), 31.1 (CH2), 31.4 (CH2), 56.1 
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(CH3), 56.3 (CH3), 104.6 (CH), 108.7 (CH), 109.1 (C), 116.4 (C), 122.6 (2 x CH), 123.4 
(CH), 127.1 (C), 128.6 (2 x CH), 140.9 (CH), 146.6 (C), 149.0 (C), 149.4 (C), 153.0 (C), 
155.7 (C), 170.8 (C). MS (EI): m/z (%) = 435 (10) [M]+, 391 (23), 307 (21), 306 (base). 
HRMS: m/z [M]+ calcd for C26H29NO5: 435.2046; found: 435.2043. 
Benzofurans 6.16 and Indoles 6.17; Typical Procedures 
 Method A: To a solution of 6.12 or 6.13 (0.230 mmol) in DMF (3 mL) was added 
PdCl2(PPh3)2 (3.2 mg, 4.6 mol), CuI (2.0 mg, 9.2 mol), Et3N (96 L, 0.69 mmol) and 1-
ethynyl-4-methylbenzene (6.14) (38 L, 0.30 mmol), and the mixture was stirred at 25 ºC 
for 2 h. After evaporation of Et3N, alkene 6.15 (1.38 mmol) was added, air was allowed 
into the system, and the mixture was stirred at the indicated temperature (Table 6.2) for 
20 h. Water (10 mL) was added, the mixture was extracted with EtOAc (3 x 10 mL), the 
combined organic layers were dried (Na2SO4), and the solvent was removed. The residue 
was purified by column chromatography (silica gel, hexane:EtOAc mixtures) to afford 6.16 
or 6.17.  
Method B: To a solution of 6.12 or 6.13 (0.114 mmol) in DMF (340 L) was added 
PdCl2(PPh3)2 (4.0 mg, 5.7 mol), CuI (5.0 mg, 23 mol), PPh3 (2.0 mg, 5.7 mol), Et3N 
(320 L, 0.228 mmol), ethynyl-4-methylbenzene (6.14) (29 L, 0.23 mmol) and alkene 
6.15 (0.228 mmol), and the mixture was stirred at 50°C for 1.5 h. Air was allowed into the 
system and the mixture was stirred further 3 h at 50 °C. The work-up procedure described 
in method A above was then followed. Products 6.16a-b and 6.17a,b were characterized 
by comparison of their spectroscopic data with those previously reported for the same 
compounds. 170 
Butyl (E)-3-(5-Methoxy-2-p-tolylbenzofuran-3-yl)acrylate (6.16c). The 
procedure described above was followed starting from 6.12b (43 mg, 0.20 mmol) to yield 
6.16c (58 mg, 80%) as a white solid. FTIR (film): 2958 (w), 2933 (w), 2872 (w), 2832 (w), 
1709 (s) cm-1. 1H NMR (400.16 MHz, CDCl3): δ = 0.99 (t, J = 7.4 Hz, 3H), 1.5-1.4 (m, 2H), 
1.8-1.7 (m, 2H), 2.44 (s, 3H), 3.91 (s, 3H), 4.24 (t, J = 6.7 Hz, 2H), 6.58 (d, J = 16.1 Hz, 
1H), 6.96 (dd, J = 8.9 and 2.6 Hz, 1H), 7.30 (d, J = 2.5 Hz, 1H), 7.33 (d, J = 7.9 Hz, 2H), 
7.44 (d, J = 8.9 Hz, 1H), 7.65 (d, J = 8.2 Hz, 2H), 8.02 (d, J = 16.1 Hz, 1H). 13C NMR 
(100.62 MHz, CDCl3): δ = 13.8 (CH3), 19.2 (CH2), 21.5 (CH3), 30.8 (CH2), 56.2 (CH3), 64.4 
(CH2), 104.1 (CH), 111.9 (CH), 112.3 (C), 113.2 (CH), 118.5 (CH), 126.9 (C), 127.4 (C), 
128.4 (CH, 2x), 129.6 (CH, 2x), 136.2 (CH), 140.0 (C), 149.4 (C), 156.6 (C), 158.7 (C), 
167.5 (C). MS (EI): m/z (%) = 364 (53) [M+], 263 (100), 262 (33), 248 (36). HRMS (EI): m/z 
[M]+ calcd for C23H24O4: 364.1675; found: 364.1670. 
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Benzofurans 19 and Indole 20; Typical Procedure To a solution of 6.12 or 6.13 
(0.114 mmol) in DMF (340 L) was added PdCl2(PPh3)2 (4.0 mg, 5.7 mol), CuI (5.0 mg, 
23 mol), PPh3 (2.0 mg, 5.7 mol), Et3N (32 L, 0.23 mmol) and 6.2 or 6.18 (0.228 mmol), 
and the mixture was stirred at 50 °C for 0.5 h (5 h at 60 ºC for 6.19d). Air was allowed into 
the system and the reaction was stirred further 20 h at 50 °C (3 h at 60 ºC for 6.19d). It 
was then proceeded as in the above procedures. Products 6.19 were characterized by 
comparison of their spectroscopic data with those previously reported for the same 
compounds. 171 
Ethyl (E)-2-[2,3,4-Trihydro-1H-carbazol-4(9H)-ylidene]acetate (6.20). The 
above procedure was followed from 6.13 (25 mg, 0.23 mmol) to yield 6.20 (33 mg, 56%) 
as a white solid. FTIR (film) 3267 (s), 2979 (w), 2925 (w), 2860 (w), 1675 (s), 1591 (s) cm-
1. 1H NMR (400.16 MHz, (CD3)2CO): δ = 1.27 (t, J = 7.1 Hz, 3H), 1.98 (q, J = 6.2 Hz, 2H), 
2.92 (t, J = 6.2 Hz, 2H), 3.3-3.2 (m, 2H), 4.14 (q, J = 7.1 Hz, 2H), 6.30 (s, 1H), 7.2-7.1 (m, 
2H), 7.4-7.3 (m, 1H), 7.93 (d, J = 8.0 Hz, 1H), 10.62 (s, 1H). 13C NMR (100.62 MHz, CDCl3): 
δ = 14.5 (CH3), 23.1 (CH2), 23.8 (CH2), 27.3 (CH2), 59.3 (CH2), 107.1 (CH), 111.0 (C), 
120.5 (CH), 121.3 (CH), 122.3 (CH), 124.8 (C), 136.2 (C), 142.9 (C), 153.1 (C), 168.2 (C). 
MS (EI): m/z (%) = 255 (42) [M+], 210 (46), 183 (74), 180 (45), 167 (22), 113 (24), 99 (30), 
































7. SYNTHESIS OF 7-ALKYLIDENE-7,12-
DIHYDROINDOLO[3,2-D]BENZAZEPINE-6-
(5H)-ONES (7-ALKYLIDENE-PAULLONES) 
BY N-CYCLIZATION-OXIDATIVE HECK 
CASCADE AND CHARACTERIZATION AS 
SIRTUIN MODULATORS.4 
 



















                                                 
4 Denis, J. G.; Franci, G.; Altucci, L.; Aurrecoechea, J. M.; de Lera, A. R.; Alvarez, 








An extension of our reported protocol to benzofused heterocyclic derivatives 
(benzofurans, indoles, isochromeneimines), involving a palladium-induced cascade of N-
cyclization and oxidative Heck reactions of o-alkynylanilines, has allowed the preparation 
of indolobenzazepinones (paullones) with an alkylidene group at C7 in just 3-4 steps from 





Compounds with the 7,12-dihydroindolo[3,2-d]benzazepine-6(5H)-one scaffold 
represented by 7.1a, collectively known as paullones, are endowed with a broad range of 
biological activities. They have been characterized as inhibitors of several kinases, 263 and 
of mitochondrial malate dehydrogenase (mMDH). 264 Some of the members of the group, 
in particular the C9-Br derivative (kenpaullone, 7.1b) and analogues 7.2 and 7.3 have been 
reported to also target the NAD+-dependent class of histone deacetylases (sirtuins, Sirt) 
265. In addition, kenpaullone 7.1b has been established as a chemical probe in stem-cell 
research. 266 Cytotoxic, 267 antiproliferative, 268 and pro-apoptotic 263b 269 effects of paullones 
have been noted in human cancer cell lines, rendering these compounds as promising 
antitumor agents. 270 Additionally, paullones have been considered as therapeutic agents 
for trypanosomiasis and leishmaniasis, 271 and selected members of the family 
(cazpaullone 7.1c and  alsterpaullone 7.1d) 272 for the treatment of diabetes since they 
suppress cytokine induced β-cell apoptosis. 273 
These promising biological activities have raised the interest in these compounds 
and have stimulated the development of synthetic methodologies to prepare analogues 
retaining the basic 7,12-dihydroindolo[3,2-d]benzazepine-6(5H)-one scaffold. In addition 
to the classical construction of the fused 1H-indole moiety by Fischer indolization 
reactions, 263b 264 268 271b a variety of other methods have been reported, among them the 
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free radical cyclisation of indolyl iodoacetamide derivatives, 
274C:\Users\GABRIEL\Desktop\TESIS\ultimo\capitulos\OrgBiomolChem.docx - 
_ENREF_24 and the photocyclization of 2-(2-chloro-1H-indol-3-yl)-N-arylacetamides. 275 
Transition-metal mediated processes have likewise provided solutions for some of the 
steps in the construction of the basic paullone skeleton. Notable among them are the 
intramolecular Heck reaction, 276 an oxidative coupling after rhodium(III)-catalyzed C-H 
functionalization of acetamides with alkynes, 277 the Pd-promoted borylation/Suzuki 
coupling and lactam formation, 278 the Cu(I)-catalyzed borylative cyclization of 2-
alkenylphenyl isocyanides, 279 the free radical formation of stannylindoles from o-alkenyl 
arylisonitriles and subsequent Stille cross-coupling with N-Boc-o-iodoanilines, 280 the 
combined Heck and Stille reactions, 281 and the one-pot Suzuki–Miyaura cross-coupling of 
an o-aminoarylboronic acid and methyl 2-iodoindoleacetate followed by intramolecular 
amide formation reported by our group. 282 
 
Figure 7.1. Biologically-relevant 7,12-dihydroindolo[3,2-d]benzazepine-6(5H)-
ones (paullones).  
We have developed a new synthetic methodology that streamlines the preparation 
of benzofurans, 171-172, 179 indoles 172 170 and other heterocyclic derivatives 171-172 170 283 
starting from the corresponding o-iodoaryl precursors. This sequential process combined 
a Pd-catalyzed Sonogashira cross-coupling and a nucleopalladation-Heck oxidative 
reaction (Scheme 7.1). Moreover, the protocol was also performed as a "one-pot" process 
where the Sonogashira and oxidative steps were combined in a three-component 




Scheme 7.1. Our synthetic approach to benzofurans and indoles, including the 
intramolecular version. 
We envisioned that the intramolecular variant of this synthetic procedure 171-172 
could be extended to the preparation of additional paullone analogues featuring an 
exocyclic olefin at the C7 position (general structure 7.4, Scheme 7.2) of the benzazepine-
6(5H)-one ring, a modification that has no precedents to the best of our knowledge. To 
integrate this substitution pattern into the structures shown in Figure 7.1, a precursor 7.5 
containing an alkyne substituted with aryl rings that bear an o-amino and an o'-acylamino 
groups were required. Two consecutive Sonogashira reactions via 7.7 would trace back 
the cyclising substrate 7.5 to simple, and in most cases commercial, o-haloanilines 7.6 
(Scheme 7.2; for the meaning of X, R, Z, see Scheme 7.3).  
 
Scheme 7.2. Retrosynthetic analysis of C7-alkylidenepaullones using a Pd-




7.2 RESULTS AND DISCUSSION 
 
After surveying all synthetic variants for the preparation of the N-differentiated o,o'-
bisaniline-ethyne substrates 7.5 (see Supplementary Information, S. I.) we selected the 
order of steps shown in Scheme 7.3 comprising first the acylation of an o-alkynyl aniline 
and then the Sonogashira reaction with an appropiate o-iodoaniline. The condensation of 
2-ethynylaniline 7.8 with acryloyl chloride, 284 was followed by the Sonogashira reaction 
171-172, 179 170 of product 7.7a with commercial o-iodoaniline 7.6a to afford in quantitative yield 
the corresponding internal alkyne 7.5aa. Excellent yields were obtained in all steps of the 
synthetic route. The same sequence was used for the preparation of the remaining 
substrates 7.5 as shown in Scheme 7.3. 
 
Scheme 7.3. Reaction conditions: (a) Acryloyl chloride, Et3N, CH2Cl2, 25 ºC (7.7a, 
87%). (b) Ethyl (E)-4-chloro-4-oxobut-2-enoate, Py, Et2O, 25 ºC (7.7b, 99%). (c) ClCO2Et, 
K2CO3, acetone, 25 ºC (7.6b, 99%). (d) ClC(O)OEt, Py, ether, 0-10 ºC (7.6d, 91%). (e) 
(Boc)2O, THF, reflux (7.6e, 97%). (f) PdCl2(PPh3)2, CuI, Et3N, THF or DMF, 60 ºC (7.5aa, 
98%; 7.5ab, 99%; 7.5ac, 99%; 7.5ae, 92%; 7.5ba, 76%; 7.5bb, 92%; 7.5bd, 90%; 7.5be, 
99%). See Table 7.1 for the structure of compounds 7.5. 
Acrylamide 7.5aa was treated with 5 mol% PdCl2(PPh3)2, 0.5 equivalents of KI and 
1 equivalent of maleic anhydride (MA) in DMF under air, conditions previously developed 
for nucleopalladation-intramolecular Heck reactions. 171-172 When these conditions were 
applied at 80 ºC, only the 3H-indole product 7.9aa could be isolated albeit in low yield 
(18%, Table 7.1, entry 1). Raising the temperature to 100 ºC the desired product 7.4aa 
was obtained in only 14% yield after heating for 24 h (entry 2), being the 3H-indole product 
7.9aa the major component (48%). Shortening the reaction time to 3 h increased the yield 
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of 7.4aa to 40% (entry 3), indicating that under the conditions of entry 2, with prolonged 
heating at high temperature, product degradation was taking place. The substrate with a 
bromine atom located at the aniline para position (compound 7.5ac) showed somewhat 
higher reactivity, and the Pd-catalyzed cascade could be run at 80 °C, to yield 7.4ac and 
7.9ac in a ca. 50:50 ratio (entry 4). Not surprisingly, a temperature increase (entry 5) 
resulted in a lower yield of 7.4ac, again probably due to product degradation. 
In the expected cascade reaction mechanism shown in Figure 7.2, the initial 
coordination of the o-alkynylaniline to Pd(II) triggers nucleopalladation to afford the indole 
ring and then insertion of the heterocyclic C3-σ-Pd(II) complex into the pendant alkene 
leads to the olefin product, after β-hydride elimination. The resulting palladium hydride 
undergoes loss of HCl with formation of Pd(0), which is finally oxidized to regenerate the 
Pd(II) species that starts the cycle. 52, 171-172, 179, 285 170 The 3H-indole products 7.9 are 
considered to originate from a σ-indolyl-palladium intermediate (II or V) that undergoes 




Figure 7.2. Mechanistic proposal for the Pd-catalyzed N-cyclization-oxidative 
Heck cascade to alkylidenepaullones (Z= H or EWG; L= PPh3; Y= NH or NCO2R). 
Control experiments revealed that the 3H-indole product 7.9aa did not undergo C-
H activation to enter the catalytic cycle at the level of intermediate II (Figure 7.2) under the 
reaction conditions. Therefore, it seems reasonable to assume that the product ratio 
results from a balance between the rates of carbopalladation with the pendant olefin and 
protonation of the σ-indolyl intermediate. 286 As a result, we tried to modulate the reactivity 
of the system through the addition of base and the modification of the electronic nature of 
the olefin and aniline functionalization implicated in the cascade bond formation reactions. 
The presence of K2CO3 was shown to have a beneficial effect (entries 6-9). Thus, 
the use of 0.5 mol equivalents induced the total consumption of the reactant and afforded 
a 76:24 ratio of the benzazepinone to 3H-indol (7.4aa/7.9aa) mixture in 85% overall yield 
(entry 7). Larger amounts of K2CO3 proved to be detrimental (entry 8) whereas smaller 
quantities (entry 6) afforded an almost equal ratio the reaction products in lower yields. 
The change to NaOAc had no effect (entry 7 vs entry 9). 
The introduction of carbonyl substituents at R and/or Z was examined next. 
Fumarate-derived substrate 7.5ba led only to the 3H-indole derivative 7.9ba in 70% yield 
(entry 10) under the standard conditions. 














Entry    Reaction 
conditions 
Yield (%) 




K2CO3b 7.4 7.9 7.5 
1, 7.5aa H H H 80 24 -- -- 18 
(7.9aa) 
-- 
2, 7.5aa  H H H 100 24 -- 14 (7.4aa) 48 
(7.9aa) 
-- 
3, 7.5aa H H H 100 3 -- 40(7.4aa) 37 
(7.9aa) 
-- 
4, 7.5ac Br H H 80 22 -- 50 (7.4ac) 50 
(7.9ac) 
-- 
5, 7.5ac Br H H 100 22 -- 25 (7.4ac) 50 
(7.9ac) 
-- 




7, 7.5aa H H H 100 3.5 0.50 65 (7.4aa) 20 
(7.9aa) 
-- 
8, 7.5aa H H H 100 3.5 1.00 22 (7.4aa) <5 
(7.9aa) 
-- 





H H CO2Et 100 24 -- -- 70 
(7.9ba) 
-- 
11, 7.5ab H CO2Et H 80 24 -- -- -- 100 
(7.5ab)
12, 7.5ab H CO2Et H 100 24 -- 52 (7.4ab) -- -- 
13, 7.5bb H CO2Et CO2Et 100 24 -- 65 (7.4bb) -- -- 
14, 7.5bb H CO2Et CO2Et 120 24 -- 80(7.4bb)+ 
20 (7.4ba) 
-- -- 
15, 7.5bd Br CO2Et CO2Et 120 20 -- 60e 
(7.4bd) 
-- -- 
16, 7.5ae H CO2Et 
t-Bu 
H 120 20 -- 25 (7.4ae)+ 
29 (7.4aa) 
-- -- 
17, 7.5be H CO2t-
Bu 




aStandard conditions: 5 mol% PdCl2(PPh3)2, 0.5 equiv KI, 1 equiv MA under air in DMF. 
bEquivalents of K2CO3 used.  cNaOAc was used as base. dUsing 0.5 equiv of K2CO3, at 120 ºC, the 
conjugate addition product was obtained (42%, see S.I.). eTraces of deprotected product were 
observed by 1H-NMR. 
However, starting from the N-ethylcarbamate 7.5ab the cascade product 7.4ab 
was isolated in 52% yield under the same reaction conditions (entry 12) and, furthermore, 
the similar reactions of the carbamate-fumarate substrates 7.5bb and 7.5bd also afforded 
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the desired alkylidenepaullones in good yields (entries 13-15). It is apparent that reducing 
the electron density at the palladium-substituted indole C3 position slows down 
protiodemetallation. As additional benefit, carbamates were expected to exhibit greater 
solubility thus facilitating the handling of the final product. 
We also noticed that the indole carbamate underwent partial deprotection under 
the thermal conditions required for the Pd-catalyzed cascade reaction (see entries 14 and 
15). Since tert-butylcarbamates are known to deprotect by thermal fragmentation reaction, 
287 it was thought that they could directly provide the deprotected indolobenzazepine-6-
one. However, this expectation was only partially realized, as the deprotection of the N-
Boc-o,o'-bisaniline-ethynes 7.5ae and 7.5be (obtained from previously described 288 7.6e) 
to 7.4ae and 7.4be was incomplete after heating to 120 ºC (7.4ae, 25%; 7.4aa, 29%; 
7.4ae, 22%; 7.4ba, 78%, Table 7.1, entries 16 and 17). Nevertheless, the use of tert-
butylcarbamate 7.5be allowed the isolation of 7.4ba (a product that could not be obtained 
from fumarate 7.5ba) in useful yield (78%). 
The structures of indolobenzazepinones 7.4ab and 7.4bb were confirmed by X-
Ray analysis (see S.I.), which also corroborated the geometry of the exocyclic olefin, as 
anticipated from the stereospecific syn-β-elimination of PdL2XH from intermediate III 
depicted on Figure 7.2. As a result, it is confirmed that the products of this highly regio-, 
stereo- and chemoselective reaction indeed correspond to a 7-exo intramolecular Heck-
type cyclization process, whereas the indolobenzazezinone products (originating from the 
alternative 8-endo cyclization manifold 122 289, which have been observed in other 
substrates), 290 were not detected. Furthermore, the only products that were isolated 
originated from the manifold where the N further removed from the pendant alkenyl chain 
participated in the starting nucleopalladation step. 
 
7.3 BIOLOGICAL EVALUATION 
 
To explore the antitumor activities of the alkylidenepaullones, we first assessed 
their effects on cell cycle progression and cell death using the U937 leukaemia cell line 
(Figure 7.3). As shown in Figure 7.3A, the effect on cell cycle of these compounds was not 
significant relative to the control, the Zn2+-dependent histone deacetylase inhibitor 
suberoylanilide hydroxamic acid (SAHA) used at 5 μM. However, some compounds were 





Figure 7.3. Effects of alkylidenepaullones on cell cycle (A) and apoptosis (B) after 
treatment of U937 leukemia cells with the indicated compounds at 50 μM for 30 h. DMSO 
(0.1%) was used as vehicle control and SAHA (SA) as reference compound at 5 μM. 
As second analysis, we checked by Western blot the activity of the 
alkylidenepaullones on a recombinant Sirt1 enzyme. 282 Using a Sirt1 assay in conditions 
that detect both activation and inhibition, compounds 7.4aa and 7.4ac were found to 
display an apparent activating effect at 50 μM (compound STAC used as reference 291 
displayed activation in the same settings at the lower dose of 10 μM). On the other hand, 
compounds 7.4ba, 7.4bb, 7.4bd and 7.4ae displayed a low inhibitory effect under the 
same conditions (Figure 7.4A). When compound 7.4ac was tested in MCF7 cells for its 
ability to activate Sirt1 activity by causing deacetylation of p53 on K382 (a target of sirtuins 
292 293) after 30 h of treatment (Figure 7.4B), a dose-dependent effect was noted, 






Figure 7.4. Sirt1 activity assay. (A) The indicated compounds were tested at 50 
μM. DMSO (0.1%) was used as vehicle control. EX527 and STAC at 5 and 10 μM, 
respectively, were used as reference compounds. (B) Western blot analysis of p53K382 
acetylation levels in MCF7 cells upon increasing concentrations of 4ac for 30 h. DMSO 
(0.1%) and STAC (50 μM) were used as reference. Signal quantitation was performed 




In conclusion, the Pd-catalyzed N-cyclization of o-alkynylanilines, combined with 
an intramolecular oxidative Heck reaction in a cascade process, allows the regioselective 
construction of the core indole and benzazepinone heterocycles of the polycyclic 
alkylidenepaullones. The scope of this methodology might be broadened with its 
application to other heterocyclic analogs (X = O, S in Scheme 7.1). Some of these 
compounds appear to activate Sirt1 in biochemical assays, and although at present the 
 155 
 
concentration required for their activity is higher than those of existing compounds, they 
represent a useful starting point for further additional structural studies aimed to improve 
their potencies as sirtuin activators. 
 
7.5 EXPERIMENTAL SECTION 
 
Ethyl (2-Iodophenyl)carbamate 7.6b. 294 2-Iodoaniline 7.6a (1.2 g, 5.478 mmol), 
ethylchloroformate (2.37 g, 21.916 mmol) and K2CO3 (4.54 g, 32.873 mmol) were stirred 
in 20 mL of acetone at room temperature for 18 h. The solution was diluted with H2O. The 
organic phase was separated, and the aqueous phase was extracted with Et2O (3x). The 
organic layers were washed with brine and dried (Na2SO4) and the solvent was 
evaporated. The residue was purified by column chromatography (silica gel, 70:30 
hexane/EtOAc) to afford 1.57 g (99%) of the titled compound as a white solid. 1H-NMR 
(400.16 MHz, CDCl3) δ 8.06 (d, J = 8.1 Hz, 1H), 7.75 (dd, J = 7.9, 1.2 Hz, 1H), 7.33 (t, J = 
7.8 Hz, 1H), 6.94 (s, 1H), 6.80 (t, J = 7.6 Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 
Hz, 3H) ppm.13C-NMR (100.62 MHz, CDCl3) δ 153.6, 138.9, 138.6, 129.4, 125.1, 120.4, 
88.9, 61.7, 14.6. ppm. 
tert-Butyl (2-Iodophenyl)carbamate 7.6e. 290 A solution of 2-iodoaniline 7.6a 
(500 mg, 2.283 mmol) and (Boc)2O (797.2 mg, 3.653 mmol) in THF (4 mL) was refluxed 
for 4 days. Then H2O was added and the mixture was extracted with AcOEt (3x) and the 
combined organic layers were dried (Na2SO4) and the solvent was evaporated. The 
residue was purified by flash chromatography (silica gel, 90:10 hexane/EtOAc) to afford 
0.705 g (97%) of 7.6e as white crystals. 1H-NMR (400.16 MHz, CDCl3) δ 8.05 (d, J = 8.2 
Hz, 1H), 7.74 (dd, J = 7.9, 1.4 Hz, 1H), 7.31 (t, J = 7.8 Hz, 1H), 6.82 (s, 1H), 6.76 (ddd, J 
= 8.8, 7.6, 1.5 Hz, 1H), 1.54 (s, 9H) ppm.13C-NMR (100.62 MHz, CDCl3) δ 152.7, 138.9, 
138.9, 129.3, 124.8, 120.3, 88.9, 81.2, 28.4 ppm. 
Ethyl (4-bromo-2-iodophenyl)-carbamate 7.6d. Ethyl chloroformate (115 µL, 
1.217 mmol) was added to a solution of commercial 4-bromo-2-iodoaniline 7.6c (250 mg, 
0.839 mmol) in pyridine (1.13 mL) at 0-10 ºC and the mixture was stirred for 3 h. The 
pyridine was evaporated and the residue was diluted with H2O and extracted with Et2O 
(3x). The combined organic layers were washed with a 3M aqueous solution of HCl and a 
saturated aqueous solution of NaHCO3 and dried (Na2SO4) and the solvent was 
evaporated. The residue was purified by column chromatography (silica gel, 95:5 
hexane/EtOAc) to afford 282.1 mg (91%) of the title compound as a white solid m.p.: 105-
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106 ºC (CH2Cl2); 1H-NMR (400.16 MHz, CDCl3) δ 7.97 (d, J = 8.6 Hz, 1H, H6), 7.87 (d, J = 
2.3 Hz, 1H, H3), 7.44 (dd, J = 8.8, 2.3 Hz, 1H, H5), 6.91 (s, 1H, NH), 4.24 (q, J = 7.0 Hz, 
2H, CH2-CH3), 1.34 (t, J = 7.0 Hz, 3H, CH2-CH3) ppm.13C-NMR (100.62 MHz, CDCl3) δ 
153.3, 140.6, 137.9, 132.2, 121.0, 116.3, 88.7, 61.9, 14.6 ppm. MS (EI): m/z (%) 370 (M+, 
81Br, 37), 368 (M+, 79Br, 36), 324 (94), 322 (100), 298 (33), 296 (35), 215 (85), 213 (71), 
170 (31), 169 (65), 167 (46), 63 (29). HMRS (EI): Calcd. for C9H981BrINO2 370.8841; found, 
370.8845. Calcd. for C9H979BrINO2 368.8861; found, 368.8865. IR (neat): υ 3293 (w, N-
H), 2980 (w, C-H), 2929 (w, C-H), 1730 (s, C=O) cm-1. 
N-(2-Ethynylphenyl)-acrylamide 7.7a. Acryloyl chloride (79 µL, 0.971 mmol) was 
added to a solution of 2-ethynylaniline 7.8 (0.13 g, 0.883 mmol) in CH2Cl2 (8.8 mL) and 
Et3N (0.14 mL) at 0 ºC. After stirring for 30 min at 25 ºC, an aqueous saturated solution of 
NH4Cl was added and the mixture was extracted with Et2O (3x). The combined organic 
combined layers were dried (NaSO4) and the solvent was evaporated. The residue was 
purified by column chromatography (silica gel, 90:10 hexane/EtOAc) to afford 144 mg 
(87%) of the titled compound as a white solid. m.p.: 91-92 ºC (CH2Cl2).1H-NMR (400.16 
MHz, CDCl3): δ 8.46 (d, J = 8.4 Hz, 1H, ArH), 8.11 (s, 1H, NH), 7.42 (dd, J = 7.7, 1.6 Hz, 
1H, ArH), 7.39 – 7.28 (m, 1H, ArH), 7.01 (td, J = 7.6, 1.2 Hz, 1H, ArH), 6.40 (dd, J = 16.9, 
1.4 Hz, 1H, H2), 6.28 (dd, J = 16.9, 10.0 Hz, 1H, H3trans), 5.74 (dd, J = 10.0, 1.4 Hz, 1H, 
H3cis), 3.55 (s, 1H). 13C-NMR (100.62 MHz, CDCl3) δ 163.3, 139.2, 132.1, 131.2, 130.0, 
127.8, 123.4, 119.5, 111.0, 84.7, 79.0 ppm. MS (EI): m/z (%) 171 (M+, 46), 143 (11), 117 
(100), 90 (19), 89 (21). HMRS (EI): Calcd. for C11H9NO 171.0684; found, 171.0689. IR 
(neat): υ 3379 (s, N-H), 3255 (s, Csp-H), 3209 (s, Csp2-H), 2195 (w, C≡C), 1665 (s, C=O) 
cm-1. 
Ethyl (E)-4-(2-Ethynylphenylamino)-4-oxobut-2-enoate 7.7b. To a solution of 
7.8 (0.25g, 1.552 mmol) in Et2O (7.75 mL) was added pyridine (139 µL, 1.707 mmol). After 
cooling down to -78 ºC, a solution of ethyl (E)-4-chloro-4-oxobut-2-enoate (0.25 g, 1.552 
mmol) in Et2O (2.35 mL) was added dropwise. The resulting suspension was warmed to 
25 ºC for 1 h and then partitioned between EtOAc (50 mL) and brine (50 mL). The layers 
were separated and the aqueous layers was extracted with EtOAc (3 x) and the combined 
organic layers were washed with a 5% aqueous HCl solution (100 mL) and brine (100 mL) 
and dried (Na2SO4) and the solvent was evaporated. The residue was purified by flash 
chromatography (silica gel, 90:10 hexane/EtOAc) to afford 0.38 g (99%) of the title 
compound as white crystals. m.p.: 139 ºC (Et2O). 1H-NMR (400.16 MHz, CDCl3) δ 8.51 (d, 
J = 8.4 Hz, 1H, ArH), 8.19 (s, 1H, NH), 7.49 (dd, J = 7.8, 1.5 Hz, 1H, ArH), 7.40 (td, J = 
8.0, 1.6 Hz, 1H, ArH), 7.10 (td, J = 7.6, 1.1 Hz, 1H, ArH), 7.07 (d, J = 15.3 Hz, 1H), 6.96 
(d, J = 15.3 Hz, 1H), 4.29 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.58 (s, 1H), 1.35 (t, J = 7.1 Hz, 
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3H, CH2-CH3) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 165.4, 161.5, 139.0, 136.4, 132.4, 
131.9, 130.4, 124.3, 119.7, 111.2, 85.3, 79.0, 61.5, 14.2 ppm. MS (EI): m/z (%) 243 (M+, 
52), 198 (13), 170 (43), 127 (23), 117 (100), 116 (17), 99 (19), 89 (20). HMRS (EI): Calcd. 
for C14H13NO3 243.0895; found, 243.0893. IR (neat):  υ 3289 (w, N-H), 3247 (s, ≡C-H), 
1712 (s, C=O), 1641 (s, C=O) cm-1. 
N-[2-(2-Aminophen-1-ylethynyl)-phenyl]acrylamide 7.5aa. General procedure 
for the Sonogashira reaction. To a solution of 2-iodoaniline 7.6a (0.025 g, 1.141 mmol) in 
THF (12 mL) were added PdCl2(PPh3)2 (0.016 g, 0.022 mmol), CuI (0.008 g, 0.045 mmol), 
Et3N (2.96 mL) and N-(2-ethynylphenyl)-acrylamide 7.7a (0.293 g, 1.712 mmol), and the 
reaction mixture was stirred at 25 ºC for 4 h. The mixture was poured into H2O and then 
extracted with EtOAc (3x). The combined organic layers were dried (Na2SO4), and the 
solvent was evaporated. The residue was purified by column chromatography (silica gel, 
80:20 hexane/EtOAc) to afford the title compound (292.5 mg, 98%) as a yellowish-brown 
solid. m.p.: 94-95 ºC (CH2Cl2). 1H-NMR (400.16 MHz, CDCl3) δ 8.49 (d, J = 6.7 Hz, 1H, 
ArH), 8.23 (s, 1H, NH), 7.49 (d, J = 7.7 Hz, 1H, ArH), 7.43 – 7.28 (m, 2H, ArH), 7.19 (t, J 
= 7.8 Hz, 1H, ArH), 7.09 (t, J = 7.6 Hz, 1H, ArH), 6.85-6.70 (m, 2H, ArH), 6.44 (dd, J = 
17.0, 1.6 Hz, 1H, H3trans), 6.31 (dd, J = 16.9, 10.1 Hz, 1H, H2), 5.76 (dd, J = 10.2, 1.6 Hz, 
1H H3cis), 4.32 (s, 2H, NH2) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 163.5, 148.0, 138.5, 
132.0, 131.5, 131.4, 130.5, 129.7, 127.9, 123.8, 119.7, 118.3, 114.8, 112.6, 107.1, 93.4, 
89.5 ppm. MS (EI): m/z (%) 262 (M+, 5), 244 (64), 243 (100), 242 (27), 204 (11). HMRS 
(EI): Calcd. for C17H14N2O, 262.1106; found, 262.1097. IR (neat): υ 3436 (s, N-H), 3380-
3350 (m, N-H), 3293 (w, Csp2-H), 2210 (w, C≡C), 1659 (s, C=O) cm-1. 
N-{2-[(N-Ethoxycarbonyl-2-aminophenyl)-ethynyl]-phenyl}-acrylamide 7.5ab. 
Following the general procedure for the Sonogashira reaction, the reaction of ethyl (4-
bromo-2-iodophenyl)-formiate 7.6b (100 mg, 0.343 mmol), N-(2-ethynylphenyl)-
acrylamide 7.7a (88 mg, 0.515 mmol), PdCl2(PPh3)2 (0.005 g, 0.007 mmol), CuI (0.003 g, 
0.014 mmol) and Et3N (0.89 mL) in THF (3.6 mL) afforded, after purification by column 
chromatography (silica gel, 80:20 hexane/EtOAc), 114.8 mg (100%) of the titled compound 
as a white solid. m.p.: 158-159 ºC (CH2Cl2). 1H-NMR (400.16 MHz, CDCl3) δ 8.51 (d, J = 
8.4 Hz, 1H, ArH), 8.14 (d, J = 8.8 Hz, 1H), 8.08 (br, 1H, NH), 7.57 – 7.49 (m, 1H, ArH), 
7.48 (ddd, J = 7.7, 1.6, 0.5 Hz, 1H, ArH), 7.46 – 7.35 (m, 2H, ArH), 7.30 (br, 1H, NH), 7.13 
(td, J = 7.6, 1.2 Hz, 1H, ArH), 7.07 (td, J = 7.6, 1.1 Hz, 1H, ArH), 6.44 (dd, J = 16.9, 1.4 
Hz, 1H, H2), 6.31 (dd, J = 16.9, 10.1 Hz, 1H, H3A), 5.78 (dd, J = 10.1, 1.4 Hz, 1H, H3B), 4.23 
(q, J = 7.1 Hz, 2H, CH2 ), 1.31 (t, J = 7.1 Hz, 3H, CH3) ppm. 13C-NMR (100.62 MHz, CDCl3) 
δ 163.5, 153.3, 139.1, 138.9, 132.1, 132.0, 131.4, 130.5, 130.4, 128.1, 123.9, 123.1, 
120.1, 118.8, 111.9, 111.3, 91.6, 90.9, 61.7, 14.6 ppm. MS (EI): m/z (%) 334 (M+, 4), 288 
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(27), 287 (21), 260 (14), 259 (12), 246 (24), 244 (71), 243 (100), 242 (23), 234 (76), 206 
(24), 205 (30), 204 (16). HMRS (EI): Calcd. for C20H18N2O3 334.1337; found, 334.1331. IR 
(neat): υ 3307 (w, N-H), 2193 (w, C=C), 1705 (s, C=O), 1667 (s, C=O) cm-1. 
N-[2-((2-Amino-5-bromophenyl)-ethynyl)-phenyl]-acrylamide 5ac. Following 
the general procedure for the Sonogashira reaction, the reaction of 4-bromo-2-iodoaniline 
7.6c (650 mg, 2.182 mmol), N-(2-ethynylphenyl)-acrylamide 7.7a (560 mg, 2.273 mmol), 
PdCl2(PPh3)2 (0.031 g, 0.044 mmol), CuI (0.017 g, 0.087 mmol) and Et3N (5.7 mL) in DMF 
(23 mL) afforded, after purification by column chromatography (silica gel, 90:10 
hexane/EtOAc), 744.4 mg (100%) of the titled compound as a white solid. m.p.: 133-134 
ºC (CH2Cl2). 1H-NMR (400.16 MHz, CDCl3) δ 8.50 (d, J = 8.3 Hz, 1H, ArH), 8.08 (s, 1H, 
NH), 7.50 (ddd, J = 7.7, 1.6, 0.5 Hz, 1H, ArH), 7.47 (d, J = 2.3 Hz, 1H, ArH), 7.40 (ddd, J 
= 8.6, 7.5, 1.6 Hz, 1H, ArH), 7.30 – 7.27 (m, 1H, ArH), 7.11 (td, J = 7.6, 1.2 Hz, 1H, ArH), 
6.66 (d, J = 8.7 Hz, 1H, ArH), 6.45 (dd, J = 16.9, 1.2 Hz, 1H, H2), 6.31 (dd, J = 16.9, 10.1 
Hz, 1H, H3A), 5.81 (dd, J = 10.2, 1.2 Hz, 1H, H3B), 4.30 (s, 2H, NH2) ppm.  13C-NMR (100.62 
MHz, CDCl3) δ 164.0, 147.5, 139.0, 134.4, 133.5, 132.1, 131.6, 130.5, 128.5, 124.2, 120.2, 
116.5, 112.4, 109.5, 109.2, 91.9, 90.7 ppm. MS (EI): m/z (%) 342 (M+, 81Br, 20)340 (M+, 
79Br, 23), 325 (23), 324 (61), 323 (46), 322 (62), 321 (31), 243 (61), 242 (100), 206 (54), 
205 (25). HMRS (EI): Calcd. for C17H1381BrN2O, 342.0191; found, 342.0194. Calcd. for 
C17H1379BrN2O, 340.0211; found, 340.0212. IR (neat): υ 3449 (w, N-H), 3256 (w, N-H), 
3274 (w, N-H), 1654 (s, C=O) cm-1. 
N-{2-[(N-tert-Butoxycarbonyl-2-aminophenyl)-ethynyl]-phenyl}-acrylamide 
7.5ae. Following the general procedure for the Sonogashira reaction, the reaction of tert-
butyl 2-iodophenyl formate 7.6e (60 mg, 0.188 mmol), N-(2-ethynylphen-1-yl)-acrylamide 
7.7a (39 mg, 0.225 mmol), PdCl2(PPh3)2 (0.003 g, 0.004 mmol), CuI (0.001 g, 0.07 mmol) 
and Et3N (0.49 mL) in THF (2 mL) afforded, after purification by column chromatography 
(silica gel, 70:30 hexane/EtOAc), 62.4 mg (92%) of the titled compound as a white solid. 
m.p.: 135-136 ºC (CDCl3). 1H-NMR (400.16 MHz, CDCl3) δ 8.53 (d, J = 8.3 Hz, 1H, ArH), 
8.16 (d, J = 8.4 Hz, 1H, ArH), 8.07 (s, 1H, NH), 7.54 (dd, J = 7.7, 1.4 Hz, 1H, ArH), 7.47 
(dd, J = 7.7, 1.3 Hz, 1H, ArH), 7.45 – 7.36 (m, 2H, ArH), 7.18 (s, 1H, NH), 7.14 (td, J = 7.6, 
1.1 Hz, 1H, ArH), 7.05 (td, J = 7.6, 1.1 Hz, 1H, ArH), 6.45 (dd, J = 16.9, 1.2 Hz, 1H, H3’’A), 
6.31 (dd, J = 16.9, 10.2 Hz, 1H, H2’’), 5.80 (dd, J = 10.2, 1.2 Hz, 1H, H3’’B), 1.52 (s, 9H, 
C(CH3)3) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 163.6 (s), 152.6 (s), 139.7 (s), 139.0 (s), 
132.2 (d), 132.1 (d), 131.6 (d), 130.7 (d), 130.5 (d), 128.4 (t), 124.1 (d), 122.9 (d), 120.1 
(d), 118.7 (d), 111.9 (s), 111.0 (s), 92.0 (s), 90.8 (s), 81.4 (s), 28.5 (q) ppm. MS (ESI+): m/z 
(%) 385 ([M+Na+]), 363 [(M+H+]). HMRS (ESI+): Calcd. for C22H23N2O3 363.17032; found, 
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363.17033. IR (NaCl): υ 3400 (w, N-H), 3295 (w, N-H), 2978 (w, C-H), 1732 (s, C=O), 1688 
(s, C=O) cm-1. 
Ethyl (E)-4-[(2-(2-Aminophenylethynyl)-phenyl)amino]-4-oxobut-2-enoate 
7.5ba. Following the general procedure for the Sonogashira reaction, the reaction of 2-
iodoaniline 7.6c (22 mg, 0.101 mmol), ethyl (E)-4-[(2-ethynylphenyl)-amino]-4-oxobut-2-
enoate 7.7b (37 mg, 0.152 mmol), PdCl2(PPh3)2 (0.001 g, 0.002 mmol), CuI (0.001 g, 0.004 
mmol) and Et3N (0.26 mL) in DMF (1.06 mL) at 80 ºC afforded, after purification by column 
chromatography (silica gel, 80:20 hexane/EtOAc), 25.8 mg (76%) of the titled compound 
as a white solid. m.p.: 176-179 ºC (CH2Cl2). 1H-NMR (400.16 MHz, CDCl3) δ 8.50 (d, J = 
8.4 Hz, 1H, ArH), 8.41 (s, 1H, NH), 7.51 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.43 – 7.33 (m, 2H, 
ArH), 7.20 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.18 – 7.07 (m, 2H, ArH + Csp2-H), 6.96 (d, J = 
15.3 Hz, 1H, Csp2-H), 6.82 – 6.73 (m, 2H, ArH), 4.27 (q, J = 7.2 Hz, 2H, CH2), 1.33 (t, J = 
7.1 Hz, 3H, CH3) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 165.4, 161.6, 148.0, 138.0, 136.5, 
132.1, 131.8, 131.7, 130.6, 129.8, 124.4, 120.0, 118.5, 115.0, 112.9, 107.2, 93.9, 89.3, 
61.4, 14.2 ppm. MS (EI): m/z (%) 334 (M+, 3), 317 (10), 316 (64), 288 (11), 244 (12), 243 
(100), 242 (36). HMRS (EI): Calc. for C20H18N2O3, 334.1317; found, 334.1318. IR (neat): 
υ 3482 (w, N-H), 3385 (w, N-H), 3295 (w, N-H), 2204 (w, C=C), 1705 (s, C=O), 1666 (s, 
C=O) cm-1. 
Ethyl (E)-4-((2-(2-Ethoxycarbonylamino-phenyl)-ethynyl)-phenyl)-amino)-4-
oxobut-2-enoate 5bb. Following the general procedure for the Sonogashira reaction, the 
reaction of 2-iodophenyl-formate 7.6b (500 mg, 1.718 mmol), ethyl (E)-4-(2-
ethynylphenylamino)-4-oxobut-2-enoate 7.7b (627 mg, 2.576 mmol), PdCl2(PPh3)2 (0.024 
g, 0.034 mmol), CuI (0.013 g, 0.069 mmol) and Et3N (4.46 mL) in DMF (18 mL) at 60 ºC 
afforded, after purification by column chromatography (silica gel, 80:20 hexane/EtOAc), 
641.9 mg (92%) of the titled compound as a white solid. m.p.: 168-169 ºC (CH2Cl2). 1H-
NMR (400.16 MHz, CDCl3) δ 8.52 (d, J = 8.4 Hz, 1H, ArH), 8.24 (s, 1H, NH), 8.12 (d, J = 
8.4 Hz, 1H, ArH), 7.56 (dd, J = 7.8, 1.5 Hz, 1H, ArH), 7.51 (dd, J = 7.8, 1.6 Hz, 1H, ArH), 
7.48 – 7.35 (m, 2H, ArH), 7.18 (td, J = 7.6, 1.1 Hz, 1H, ArH), 7.13 – 7.07 (m, 2H, ArH + 
Csp2-H), 6.97 (d, J = 15.1 Hz, 1H, Csp2-H), 4.35-4.15 (m, 4H, 2xCH2), 1.39 – 1.26 (m, 6H, 
2xCH3) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 165.3, 161.8, 153.3, 139.0, 138.2, 136.3, 
132.2, 132.1, 131.8, 130.4, 130.1, 124.6, 123.1, 120.6, 118.9, 112.7, 111.5, 91.8, 90.5, 
61.6, 61.3, 14.5, 14.1 ppm. MS (EI): m/z (%) 406 (M+, 3), 360 (23), 318 (57), 316 (50), 288 
(23), 287 (100), 259 (29), 243 (87), 242 (38), 234 (61), 206 (38), 205 (47). HMRS (EI): 
Calc. for C23H22N2O5, 406.1529; found, 406.1534. IR (neat):  υ 3289 (w, N-H), 2978 (w, C-




amino)-4-oxobut-2-enoate 7.5bd. Following the general procedure for the Sonogashira 
reaction, the reaction of ethyl (4-bromo-2-iodophenyl)-formate 7.6b (100 mg, 0.265 mmol), 
ethyl (E)-4-(2-ethynylphenylamino)-4-oxobut-2-enoate 7.7b (97 mg, 0.398 mmol), 
PdCl2(PPh3)2 (0.004 g, 0.005 mmol), CuI (0.002 g, 0.011 mmol) and Et3N (0.69 mL) in 
DMF (2.8 mL) at 60 ºC afforded, after purification by column chromatography (silica gel, 
90:10 hexane/EtOAc), 117.6 mg (90%) of the titled compound as a white solid. m.p.: 215-
216 ºC (CH2Cl2). 1H-NMR (400.16 MHz, DMSO-d6) δ 10.23 (s, 1H, NH), 9.10 (s, 1H, NH), 
7.91 (d, J = 8.3 Hz, 1H, ArH), 7.77 (d, J = 2.4 Hz, 1H, ArH), 7.70 (d, J = 8.9 Hz, 1H, ArH), 
7.63 (dd, J = 7.8, 1.6 Hz, 1H, ArH), 7.58 (dd, J = 8.8, 2.4 Hz, 1H, ArH), 7.50 – 7.38 (m, 2H, 
ArH + Csp2-H), 7.25 (t, J = 7.3 Hz, 1H, ArH), 6.78 (d, J = 15.4 Hz, 1H, Csp2-H), 4.20 (q, J 
= 7.1 Hz, 2H, CH2), 4.10 (q, J = 7.1 Hz, 2H, CH2), 1.24 (t, J = 7.1 Hz, 3H, CH3), 1.17 (t, J 
= 7.1 Hz, 3H, CH3) ppm. 13C-NMR (100.62 MHz, DMSO-d6) δ 164.9, 161.8, 153.6, 138.3, 
138.1, 137.2, 134.5, 132.8, 132.3, 130.2, 129.7, 125.2, 123.7, 123.3, 116.6, 115.2, 115.0, 
92.0, 89.9, 60.9, 60.8, 14.4, 14.0 ppm. MS (ESI+): m/z (%) 509 (M+Na+, 81Br), 507 (M+Na+, 
79Br), 487 (M+H+, 81Br), 485 (M+H+, 79Br),, 340 (6), 318 (8), 290 (4), 262 (3). HMRS (ESI+): 
Calc. for C23H2279BrN2O5 ([M+H]+) 485.07066; found, 485.07086. IR (neat): υ 3293 (m, N-
H), 2981 (w, C-H), 1701 (m, C=O), 1671 (s, C=O) cm-1. 
Ethyl (E)-4-((2-((2-tert-Butoxycarbonylamino-phenyl)-ethynyl)-phenyl)-
amino)-4-oxobut-2-enoate 7.5be. Following the general procedure for the Sonogashira 
reaction, the reaction of tert-butyl 2-iodophenyl formate 7.6e (76 mg, 0.238 mmol), ethyl 
(E)-4-(2-ethynylphenylamino)-4-oxobut-2-enoate 7.7b (69 mg, 0.286 mmol), PdCl2(PPh3)2 
(0.003 g, 0.005 mmol), CuI (0.002 g, 0.009 mmol) and Et3N (0.62 mL) in DMF (2.5 mL) at 
80 ºC afforded, after purification by column chromatography (silica gel, 85:15 
hexane/EtOAc), 102.1 mg (99%) of the titled compound as white solid. m.p.:  127-128 ºC 
(CDCl3). 1H-NMR (400.16 MHz, CDCl3) δ 8.52 (d, J = 8.3 Hz, 1H, ArH), 8.21 (s, 1H, NH), 
8.15 (d, J = 8.4 Hz, 1H, ArH), 7.56 (dd, J = 7.7, 1.2 Hz, 1H, ArH), 7.49 (td, J = 7.9, 1.6 Hz, 
1H, ArH), 7.50-7.38 (m, 2H, ArH), 7.22 – 7.14 (m, 2H, ArH+NH), 7.12 – 7.02 (m, 2H, ArH 
+ Csp2-H), 6.97 (d, J = 15.3 Hz, 1H, Csp2-H), 4.27 (q, J = 7.1 Hz, 2H, CH2), 1.51 (s, 9H, 
C(CH3)3), 1.32 (t, J = 7.1 Hz, 3H, CH3) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 165.3, 161.7, 
152.4, 139.7, 138.3, 136.3, 132.2, 132.1, 132.0, 130.5, 130.2, 124.6, 122.7, 120.5, 118.6, 
112.7, 110.9, 92.2, 90.4, 81.2, 61.4, 27.3 (3x), 14.2 ppm. MS (ESI+): m/z (%) 457 (M+Na+), 
435 (M+H+). HMRS (ESI): Calcd. for C25H27N2O5 ([M+H+]) 435.9145; found, 435.19132. IR 




7-Methylene-6-oxo-6,7-dihydrobenzo[b]azepino[4,5-b]indole 7.9aa and N-(2-
indol-2-yl-phenyl)-acrylamide 7.4aa. General procedure for the N-cyclization-Heck 
reaction. To a solution of 7.5aa (32 mg, 1.122 mmol) in DMF (3 mL) were added 
PdCl2(PPh3)2 (4 mg, 0.006 mmol), KI (10 mg, 0.061 mmol), MA (12 mg, 0.122 mmol) and 
the reaction was heated at 100 ºC for 3 hours, in air atmosphere. The reaction was cooled 
down to 25 ºC and a saturated aqueous solution of NaCl (25 mL) was added. The mixture 
was extracted with EtOAc (3 x), the combined organic layers were washed with water (15 
mL) and dried (Na2SO4), and the solvent was evaporated. The residue was purified by 
flash chromatography to afford 17.4 mg (37%) of 7.9aa and 12.3 mg (40%) of 7.4aa. 
Data for 7.4aa: m.p.:  180 ºC (dec.) (CH2Cl2). 1H-NMR (400.16 MHz, DMSO-d6) δ 
10.37 (s, 1H, NH), 7.79 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 7.71 (d, J = 8.0 Hz, 1H, ArH), 7.48 
(d, J = 8.0 Hz, 1H, ArH), 7.36 (ddd, J = 8.3, 7.1, 1.5 Hz, 1H, ArH), 7.30 (dd, J = 8.2, 1.4 
Hz, 1H, ArH), 7.24 (ddd, J = 8.2, 6.9, 1.3 Hz, 2H, ArH), 7.12 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H, 
ArH), 6.12 (d, J = 1.7 Hz, 1H, Csp2-H), 5.74 (d, J = 1.7 Hz, 1H, Csp2-H) ppm. 13C-NMR 
(100.62 MHz, DMSO-d6) δ 170.6, 137.7, 135.7, 134.7, 132.4, 128.6, 126.6, 126.0, 123.6, 
123.0, 121.6, 121.1, 120.5, 120.0, 118.6, 111.6, 110.7 ppm. HMRS (ESI+): Calcd. for 
C17H13N2O ([M+1]+) 261.10224; found, 261.10233. IR (neat): υ 3253 (s, C=H), 1644 (s, 
C=O) cm-1. 
Data for 7.9aa: 1H-NMR (400 MHz, CDCl3) δ 8.70 (s, 1H, NH), 8.43 (d, J = 8.6 Hz, 
1H, ArH), 8.06 (s, 1H, NH), 7.68 (dt, J = 7.9, 1.1 Hz, 1H, ArH), 7.49 – 7.40 (m, 2H, ArH), 
7.36 (ddd, J = 8.7, 7.5, 1.6 Hz, 1H, ArH), 7.27 (ddd, J = 8.2, 6.0, 1.3 Hz, 1H, ArH), 7.22 – 
7.16 (m, 2H, ArH), 6.66 (dd, J = 2.1, 1.0 Hz, 1H, ArH), 6.34 (dd, J = 16.9, 1.2 Hz, 1H, H2), 
6.11 (dd, J = 16.9, 10.3 Hz, 1H, H3trans), 5.70 (dd, J = 10.2, 1.1 Hz, 1H, H3cis) ppm. 13C-
NMR (100.62 MHz, CDCl3) δ 163.9, 136.8, 135.2, 134.0, 131.3, 129.4, 129.3, 128.8, 128.0, 
124.7, 123.5, 122.9, 121.6, 120.8, 120.6, 111.3, 102.6 ppm. MS (EI): m/z (%) 262 (M+, 3), 
244 (83), 243 (100), 242 (34). HMRS (EI): Calcd. for C17H14N2O 262.1106; found, 
262.1094. IR (neat): υ 3336 (m, N-H), 3209 (m, N-H), 2975 (w, C-H), 2927 (w, C-H), 1649 
(s, C=O) cm-1. 
Ethyl 7-Methylene-6-oxo-6,7-dihydrobenzo[2,3]azepino[4,5-b]indole-12(5H)-
carboxylate 7.4ab. Following the general procedure for N-cyclization-Heck reaction, the 
reaction of acrylamide 7.5ab (25 mg, 0.075 mmol), PdCl2(PPh3)2 (0.003 g, 0.004 mmol), 
KI (0.006 g, 0.037 mmol), MA (7 mg, 0.075 mmol) in DMF (1.8 mL) at 100 ºC afforded, 
after purification by column chromatography (silica gel, 80:20 hexane/EtOAc), 13.0 mg 
(52%) of the titled compound as a white solid. m.p.: 205-208 ºC (CH2Cl2). 1H-NMR (400 
MHz, DMSO-d6) δ 10.37 (s, 1H, NH), 8.12 (d, J = 8.4 Hz, 1H, ArH), 7.72 (d, J = 7.8 Hz, 
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1H, ArH), 7.49 – 7.43 (m, 1H), 7.40 (d, J = 7.9 1H, ArH), 7.39 – 7.33 (m, 2H), 7.28 (d, J = 
7.3 Hz, 1H), 7.20 – 7.15 (m, 1H), 6.20 (d, J = 1.1 Hz, 1H, Csp2-H), 5.87 (d, J = 1.1 Hz, 1H, 
Csp2-H), 4.31 (q, J = 7.1 Hz, 2H, CH2), 1.13 (t, J = 7.1 Hz, 3H, CH3) ppm. 13C-NMR (100.62 
MHz, DMSO-d6) δ 172.2, 151.0, 137.7, 134.6, 134.0, 132.5, 129.8, 128.5, 126.6, 126.0, 
124.5, 123.8, 123.1, 122.5, 122.2, 120.9, 119.0, 114.7, 63.7, 13.6 ppm. HMRS (ESI+): 
Calcd. for C20H17N2O3 ([M+H]+) 333.12337; found, 333.12402. IR (neat): υ 3192 (w, N-H), 
3068 (w, N-H), 2970 (w, C-H), 2923 (w, C-H),  1737 (s, C=O), 1660 (s, C=O) cm-1. X-Ray: 
See Supporting Information. 
9-Bromo-7-Methylene-6-oxo-6,7-dihydrobenzo[b]azepino[4,5-b]indole 9ac 
and N-(2-(5-bromo-indol-2-yl)-phenyl)-acrylamide 7.4ac. Following the general 
procedure for N-cyclization-Heck reaction, the reaction of acrylamide 7.5ac (32 mg, 0.094 
mmol), PdCl2(PPh3)2 (0.003 g, 0.005 mmol), KI (0.008 g, 0.047 mmol), MA (9 mg, 0.094 
mmol) in DMF (2.3 mL) at 80 ºC afforded, after purification by column chromatography 
(silica gel, 80:20 hexane/EtOAc), 15.8 mg (50%) of 7.9ac and 15.9 mg (50%) of 7.4ac as 
a white solid. 
Data for 7.4ac: m.p.: 200 ºC (dec) (CH2Cl2). 1H-NMR (400.16 MHz, DMSO-d6) δ 
10.40 (s, 1H, NH), 7.80 (d, J = 2.0 Hz, 1H, ArH), 7.77 (d, J = 8.0 Hz, 1H, ArH), 7.44 (dd, J 
= 8.6, 1.2 Hz, 1H, ArH), 7.41 – 7.22 (m, 4H, ArH), 6.12 (s, 1H, Csp2-H), 5.75 (s, 1H, Csp2-
H) ppm. 13C-NMR (100.62 MHz, DMSO-d6) δ 170.5, 136.4, 135.1, 135.0, 133.8, 129.2, 
127.8, 126.9, 125., 123.7, 121.8, 121.4, 120.7, 120.7, 113.7, 112.6, 110.1 ppm. HMRS 
(ESI+): Calc. for C17H1279BrN2O ([M+H]+) 339.01275; found, 339.01264. IR (neat): υ 3256 
(w, C-H), 3036 (w, C-H), 1648 (s, C=O) cm-1. 
Data for 7.9ac: m.p.: 94-96 ºC (CH2Cl2).1H-NMR (400.16 MHz, DMSO-d6) δ 9.96 
(s, 1H, NH), 7.93 (d, J = 1.9 Hz, 1H, ArH), 7.87 (dd, J = 7.8, 1.3 Hz, 1H, ArH), 7.63 (d, J = 
8.1 Hz, 1H, ArH), 7.59 (d, J = 8.7 Hz, 1H, ArH), 7.46 (m, 2H, ArH), 7.38 (td, J = 7.7, 1.1 
Hz, 1H, ArH), 6.53 (dd, J = 16.9, 10.2 Hz, 1H, H2), 6.26 (dd, J = 17.1, 1.9 Hz, 1H, H3trans), 
5.80 (dd, J = 10.2, 1.6 Hz, 1H, H3cis) ppm. 13C NMR (101 MHz, DMSO-d6) δ 163.7, 154.3, 
152.7, 151.8, 134.6, 131.6, 131.0, 129.5, 128.1, 127.2, 127.2 , 127.1, 126.1, 123.7, 115.4, 
113.1, 104.5 ppm. MS (ESI+): m/z (%) 343 ([M+H]+, 81Br), 341 (([M+H]+, 79Br). HMRS 
(ESI+): Calcd. for C17H1479BrN2O ([M+H]+) 341.02840; found, 341.02751. IR (neat): υ 3364 
(s, N-H), 3265 (w, N-H), 1669 (s, C=O) cm-1. 
Ethyl (E)-4-(2-(1H-indol-2-yl)-phenylamino)-4-oxobut-2-enoate 7.9ba. 
Following the general procedure for N-cyclization-Heck reaction, the reaction of compound 
7.5ba (65 mg, 0.194 mmol), PdCl2(PPh3)2 (0.007 g, 0.010 mmol), KI (0.016 g, 0.097 mmol), 
MA (19 mg, 0.194 mmol) in DMF (4.75 mL) at 100 ºC afforded, after purification by column 
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chromatography (silica gel, 80:20 hexane/EtOAc), 45.1 mg (70%) of the titled compound 
as a white solid. m.p.: 131 ºC (CH2Cl2). 1H-NMR (400.16 MHz, CDCl3) δ 8.59 (s, 1H, NH), 
8.46 (d, J = 8.3 Hz, 1H, ArH), 8.27 (s, 1H, NH), 7.70 (d, J = 7.9 Hz, 1H, ArH), 7.56-7.40 
(m, 2H, ArH), 7.38 (t, J = 8.1 Hz, 1H, ArH), 7.28 (t, J = 8.1 Hz, 1H, ArH), 7.32-7.18 (m, 2H, 
ArH), 6.87 (app s, 2H, 2x Csp2-H), 6.67 (d, J = 0.9 Hz, 1H, ArH), 4.23 (q, J = 7.1 Hz, 2H, 
CH2), 1.30 (t, J = 7.1 Hz, 3H, CH3) ppm. 13C-NMR (100.62 MHz, CDCl3) δ 165.3, 161.9, 
136.8, 136.2, 134.8, 133.6, 131.9, 129.5, 129.3, 128.8, 125.2, 123.6, 123.1, 121.6, 121.0, 
120.8, 111.3, 102.8, 61.4, 14.2 ppm. MS (EI): m/z (%) 334 (M+, 12), 317 (25), 316 (94), 
288 (38), 244 (23), 243 (100), 242 (79). HMRS (EI): Calcd. for C20H18N2O3  334.1317; 
found, 334.1325. IR (neat): υ 3216 (br, N-H), 3058 (w, C-H), 2925 (w, C-H), 1706 (s, C=O), 
1670 (s, C=O) cm-1. 
Ethyl  (Z)-7-(2-Ethoxy-2-oxoethylene)-6-oxo-6,7-
dihydrobenzo[2,3]azepino[4,5-b]indole-12(5H)-carboxylate 7.4bb and (Z)-7-(2-
ethoxy-2-oxoethylene)-6-oxo-6,7-dihydrobenzo[b]azepino[4,5-b]indole 7.4ba. 
Following the general procedure for N-cyclization-Heck reaction, the reaction of compound 
7.5bb (35 mg, 0.861 mmol), PdCl2(PPh3)2 (0.030 g, 0.043 mmol), KI (0.071 g, 0.430 mmol), 
MA (84 mg, 0.861 mmol) in DMF (21 mL) at 110 ºC afforded, after purification by column 
chromatography (silica gel, 70:30 hexane/EtOAc), 23.9 mg (80%) of 7.4bb and 4.9 mg 
(20%) of 7.4ba as a white solid. 
Data for 7.4bb. m.p.: 200 ºC (dec) (CH2Cl2). 1H-NMR (400 MHz, CDCl3) δ 8.83 (s, 
1H, NH), 8.20 (d, J = 8.3 Hz, 1H, ArH), 7.79 (dd, J = 7.7, 1.2 Hz, 1H, ArH), 7.45 (ddd, J = 
8.5, 7.3, 1.3 Hz, 1H, ArH), 7.41 – 7.31 (m, 3H, ArH), 7.28 (d, J = 7.9 Hz, 1H, ArH), 7.20 
(td, J = 7.5, 1.4 Hz, 1H, ArH), 6.31 (s, 1H, Csp2-H), 4.35 (q, J = 7.2 Hz, 2H, CH2), 4.25 (q, 
J = 7.1 Hz, 2H, CH2), 1.31 (t, J = 7.1 Hz, 3H, CH3), 1.21 (t, J = 7.1 Hz, 3H, CH3) ppm. 13C-
NMR (100.62 MHz, CDCl3) δ 168.7, 164.7, 151.5, 139.0, 138.6, 133.9, 132.9 (2x), 129.9, 
128.7, 126.4, 125.0 (2x), 124.1, 123.9, 122.8, 121.7, 119.2, 115.4, 63.8, 61.1, 13.9, 13.8 
ppm. HMRS (ESI+): Calc. for C23H21N2O5 ([M+H]+)  405.14450; found, 405.14453. FTIR 
(neat):  υ 3290 (w, N-H), 2922 (w, C-H), 1731 (s, C=O), 1712 (s, C=O) cm-1. X-Ray: See 
Supporting Information. 
Data for 7.4ba. m.p.: 230-232 ºC (CH2Cl2). 1H-NMR (400.16 MHz, DMSO-d6) δ 
10.75 (s, 1H, NH), 7.78 (d, J = 7.9 Hz, 1H, ArH), 7.66 (d, J = 7.9 Hz, 1H, ArH), 7.50 (d, J 
= 8.1 Hz, 1H, ArH), 7.40 (t, J = 7.1 Hz, 1H, ArH), 7.34 – 7.22 (m, 3H, ArH), 7.16 (t, J = 7.5 
Hz, 1H, ArH), 6.21 (s, 1H, Csp2-H), 4.13 (q, J = 7.1 Hz, 2H, CH2), 1.23 (t, J = 7.1 Hz, 3H, 
CH3) ppm. 13C-NMR (100.62 MHz, DMSO-d6) δ 166.1, 165.6, 139.8, 137.8, 134.2, 133.7, 
128.9, 127.1, 125., 124.0, 123.4 (2x), 122.1, 121.3, 120.6, 118.2, 112.0, 110.4, 60.2, 13.9 
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ppm. HMRS (ESI+): Calcd. for C20H17N2O3 ([M+H]+) 333.12337; found, 333.12361. IR 
(neat): υ 3333 (w, N-H), 3038 (w, C-H), 2921 (w, C-H), 1710 (s, C=O), 1618 (s, C=O) cm-
1. 
(Z)-Ethyl 9-Bromo-7-(2-ethoxy-2-oxoethylene)-6-oxo-6,7-
dihydrobenzo[2,3]azepino[4,5-b]indole-12(5H)-carboxylate 7.4bd. Following the 
general procedure for N-cyclization-Heck reaction, the reaction of compound 7.5bd (22 
mg, 0.045 mmol), PdCl2(PPh3)2 (2 mg, 0.002 mmol), KI (4 mg, 0.022 mmol), MA (4 mg, 
0.045 mmol) in DMF (1.2 mL) at 120 ºC afforded, after purification by column 
chromatography (silica gel, 80:20 hexane/EtOAc), 13.0 mg (60%) of the titled compound 
as a white solid. m.p.: 250 ºC (CH2Cl2). 1H-NMR (400.16 MHz, DMSO-d6) δ 10.79 (s, 1H, 
NH), 8.10 (d, J = 8.8 Hz, 1H, ArH), 7.77 (d, J = 2.1 Hz, 1H, ArH), 7.65 (dt, J = 8.9, 1.7 Hz, 
1H, ArH), 7.50 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.42 (t, J = 7.6 Hz, 1H, ArH), 7.30 (d, J = 8.1 
Hz, 1H, ArH), 7.22 (t, J = 7.6 Hz, 1H, ArH), 6.52 (s, 1H, Csp2-H), 4.42 – 4.24 (br, 2H, CH2), 
4.15 (q, J = 7.0 Hz, 2H, CH2), 1.25 (t, J = 7.1 Hz, 3H, CH3), 1.14 (t, J = 7.1 Hz, 3H, CH3) 
ppm. 13C-NMR (100.62 MHz, DMSO-d6) δ 167.8, 164.8, 150.4, 137.8, 136.6, 134.7, 133.8, 
130.3, 129.1, 128.8, 127.4, 125.4, 123.5, 122.7, 122.5, 121.0, 119.2, 117.1, 116.5, 64.2, 
60.6, 13.8, 13.6 ppm. HMRS (ESI+): Calc. mass for C23H2079BrN2O5 ([M+H]+) 483.05501; 
found, 483.05485. IR (neat): υ 3293 (w, N-H), 3070 (w, C-H), 2978 (w, C-H), 1731 (s, 
C=O), 1711 (s, C=O), 1665 (s, C=O) cm-1. 
tert-Butyl 7-Methylene-6-oxo-6,7-dihydrobenzo[2,3]azepino[4,5-b]indole-12(5H)-
carboxylate 7.4ae and N-(2-indol-2-yl-phenyl)-acrylamide 7.4aa. Following the general 
procedure for N-cyclization-Heck reaction, the reaction of compound 7.5ae (20 mg, 0.055 
mmol), PdCl2(PPh3)2 (0.002 g, 0.003 mmol), KI (0.005 g, 0.028 mmol), MA (5 mg, 0.055 
mmol) in DMF (1.4 mL) at 110 ºC afforded, after purification by column chromatography 
(silica gel, 70:30 hexane/EtOAc), 4.3 mg (22%) of 7.4ae and 11.1 mg (78%) of 7.4aa as a 
white solid. 
Data for 7.4ae. m.p.: > 150 ºC (dec.) (CDCl3). 1H-NMR (400 MHz, CDCl3) δ 8.22 
(s, 1H, NH), 8.20 (d, J = 8.4 Hz, 1H, ArH), 7.75 (d, J = 7.8 Hz, 1H, ArH), 7.46 – 7.38 (m, 
2H, ArH), 7.32 (dd, J = 11.2, 4.6 Hz, 2H, ArH), 7.21 (td, J = 7.8, 1.1 Hz, 1H, ArH), 7.13 (d, 
J = 8.0 Hz, 1H, ArH), 6.39 (d, J = 1.0 Hz, 1H, Csp2-H), 5.93 (s, 1H, Csp2-H), 1.41 (s, J = 
12.8 Hz, 9H, CH3) ppm. 13C-NMR (100 MHz, CDCl3) δ 174.7 (s), 150.8 (s), 139.4 (s), 135.0 
(s), 133.8 (s), 133.3 (s), 130.8 (d), 128.9 (d), 127.7 (s), 126.4 (d), 125.6 (t), 124.1 (s), 124.0 
(d), 124.0 (d), 122.2 (d), 121.8 (s), 119.5 (d), 115.3 (d), 84.6 (s), 27.4 (q) ppm. MS (ESI): 
m/z (%) 361 (M+), 331, 305, 287, 233. HMRS (ESI): Calcd. for C22H21N2O3 361.15467; 
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found, 361.15474. FTIR (NaCl): υ 3403 (w, N-H), 3311 (w, C-H), 2980 (w, C-H), 1726 (s, 
C=O), 1689 (s, C=O) cm-1.  
Ethyl  (Z)-7-(2-tert-butoxy-2-oxoethylene)-6-oxo-6,7-
dihydrobenzo[2,3]azepino[4,5-b]indole-12(5H)-carboxylate 7.4be  and (Z)-7-(2-
ethoxy-2-oxoethylene)-6-oxo-6,7-dihydrobenzo[b]azepino[4,5-b]indole 7.4ba. 
Following the general procedure for N-cyclization-Heck reaction, the reaction of compound 
7.5be (34 mg, 0.078 mmol), PdCl2(PPh3)2 (3 mg, 0.004 mmol), KI (6 mg, 0.039 mmol), MA 
(8 mg, 0.078 mmol) in DMF (2 mL) at 120 ºC afforded, after purification by column 
chromatography (silica gel, 60:40 hexane/EtOAc), 7.44 mg (22%) of 7.4be and 20.3 mg 
(78%) of 7.4ba.  
Data for 7.4be. m.p.: > 250 ºC (dec.) (CDCl3). 1H-NMR (400.16 MHz, CDCl3) δ 9.85 
(s, 1H, NH), 8.23 (d, J = 8.3 Hz, 1H, ArH), 7.81 (d, J = 7.8 Hz, 1H, ArH), 7.39 (m, 5H, ArH), 
7.24 – 7.19 (m, 1H, ArH), 6.32 (s, 1H, Csp2-H), 4.23 (q, J = 7.1 Hz, 2H, CH2), 1.40 (s, 9H, 
C(CH3)3), 1.29 (t, J = 7.1 Hz, 3H, CH3) ppm. 13C NMR (100.62 MHz, CDCl3) δ 169.8, 165.5, 
150.4, 139.8, 139.4, 134.6, 133.4, 130.6, 129.0, 126.6 (2x), 125.1, 124.5, 124.2, 124.2, 
123.3, 121.6, 119.4, 115.5, 84.8, 61.1, 27.4, 13.7. MS (ESI+): m/z (%) 433 ([M+H]+), 387, 
331, 287. HMRS (ESI+): Calcd. for C25H25N2O5 ([M+H]+) 433.17580; found, 433.17562. IR 
(NaCl): υ 3190 (w, N-H), 2979 (w, C-H), 1735 (s, C=O), 1666 (s, C=O) cm-1.   
 
Biology 
Cell lines. Human leukemia U937 cells were grown in RPMI medium with 10% 
fetal bovine serum (FBS) (Sigma), 2 mM L-glutamine (Euroclone) and antibiotics (100 
U/mL penicillin, 100 µg/mL streptomycin and 250 ng/mL amphotericin-B). Human breast 
cancer MCF7 cells were propagated in DMEM medium with 10% fetal bovine serum (FBS) 
(Sigma), 2 mM L-glutamine (Euroclone) and antibiotics (100 U/mL penicillin, 100 µg/mL 
streptomycin and 250 ng/mL amphotericin-B) as previously reported. 295 
Cell cycle and cell death analysis. These assays were performed as described. 296 
Sirt1 assay. The Sirt1 assay was performed following the manufacturer’s 
indications (Millipore). Briefly, this assay uses nicotinamidase to measure the nicotinamide 
produced upon cleavage of NAD+ during sirtuin-mediated deacetylation of a substrate 
providing a direct assessment of the activity. The use of untagged acetylated peptide can 
eliminate part of the potential artifacts. Sirt1 recombinant human enzyme was produced in 
house following standard procedures. 
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Protein extraction. After wash, cell pellets were resuspended in lysis buffer (50 
mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 10 mM NaF, 1 mM PMSF and protease 
inhibitor cocktail). The lysis reaction was carried out for 15 min at 4 °C. Finally, the samples 
were centrifuged at 13000 rpm for 30 min at 4 °C and protein concentration was quantified 
by Bradford assay (Bio-Rad). 
Western Blot. 50 μg of proteins were loaded on 10% polyacrylamide gels. The 
nitrocellulose filters were stained with Ponceau red (Sigma) as additional control for equal 
loading. ERK1 antibody was from Santa-Cruz and P53K382ac antibody was from 
Millipore. 
  
8. APPLICATION OF THE ‘ONE-POT’ 
SONOGASHIRA–HETEROCYCLIZATION–
HECK CASCADE TO THE SYNTHESIS OF 
INDOLOBENZAZEPINONES. 
 































Multi-component reaction (MCR) chemistry varies from traditional multi-step 
chemistry in that three or more starting reagents combine in a single process to give an 
individual product that contains features of all the inputs. MCR chemistry is playing an 
important part in increasing the efficiency of lead discovery and optimization in drug 
discovery. It involves the one-pot synthesis of a wide spectrum of molecules ranging from 
small drug like molecules through to larger and complex compounds. This powerful and 
versatile tool is easily automated for high throughput and suitable for large-scale 
production of drug candidates. This chemistry is cheaper, cleaner and produces higher 
yields than traditional chemistry. The technology is providing a boom for the production of 
biased and diversity oriented combinatorial libraries. 297 
The concept ‘one-pot’ implies a sequence of chemical transformations that take 
place in the same reaction flask. They are broadly classified into two categories: the first 
one refers to domino/cascade reactions in which the starting substrates are designed to 
undergo several reactions without requiring additional reagents or catalysts. The second 
category refers to multiple reactions in a one-pot process in which additional reagents and 
catalysts are added at different time intervals. 
The first kind is extensively studied and has been reviewed several times in the 
literature. 235b, 298 The second category is underexplored and recently started gaining 
momentum.299 The concept “pot economy” was introduced by Clarke et al.299b to refer to 
the completion of as many sequential synthetic transformations as possible in the same 
reaction pot without the need for work-up and product isolation between successive steps. 
This effort can dramatically reduce the amount of solvent used in reactions, in work-up 
during the product isolation and in the purification of intermediate products. Additional 
benefits are reduction of various materials used in chromatographic purification, 
contaminated aqueous waste generated while cleaning glassware, time required to do 
multiple operations, etc. 
We have developed a methodology for synthesis of heterocycles to obtain 3-
alkenyl-substituted benzofurans, indoles (Scheme 8.1), 1H-isochromen-1-imines, 
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tetrahydrodibenzofurans and tetrahydrobenzo[c]chromen-6-imines.170-171, 179 The synthetic 
methodology include a palladium-catalyzed heterocyclization/oxidative Heck coupling 
cascade in an efficient way. These compounds were obtained in only a few steps and with 
high structural diversity (Scheme 8.1a). 
 
Scheme 8.1 Our synthetic approach to benzofurans and indoles, including the 
intramolecular and intermolecular version. 
Another concern in chemical synthesis is the atom efficiency. Since starting 
compounds and reagents for a synthesis must be purchased, economic considerations 
are often significant. Recovery or recycling of expensive reagents and catalysts is often 
desirable. Also, if large amounts of useless by-products are formed in the synthesis, the 
expense of their disposal is a factor. It is obvious that the above palladium-catalyzed 
heterocyclization/oxidative Heck coupling cascade (Scheme 8.1) would benefit from the 
use of the same palladium catalyst, thus integrating the prior Sonogashira reaction into the 
process. Starting from simple ortho-iodoanilines and alkynes heterocycles would be 




We have developed a method for the synthesis of compounds with the 7,12-
dihydroindolo[3,2-d]benzazepine-6(5H)-one skeleton.	The Pd-catalyzed N-cyclization of o-
alkynylanilines, combined with an intramolecular oxidative Heck reaction in a cascade 
process, allowed the regioselective construction of the core indole and benzazepinone 
heterocycles of the polycyclic alkylidenepaullones.173  
It should be noted that the basic 7,12-dihydroindolo[3,2-d]benzazepine-6(5H)-one 
scaffold is present in a sereies of drug with interesting biological activities. 263-268, 300	
Compounds with the scaffold represented by the structure in figure 8.1, collectively known 
as paullones, are promising antitumor agents. 270a, b, 270d, 301 These promising biological 
activities have raised interest in these compounds and have stimulated the development 
of synthetic methodologies to prepare analogues retaining the basic 7,12-




The alkylidenepaullones prepared following the Pd-catalyzed cascade process 
appear to activate the NAD+-dependent class of histone deacetylases (sirtuins, Sirt1) in 
biochemical assays, and although at present the concentration required for their activity is 
higher than those of existing compounds, they represent a useful starting point for further 
additional structural studies aimed to improve their potencies as sirtuin activators. 173 
In order to obtain a new series of analogues in a faster and more efficient way, we 
explored the possibility to perform our reaction in a one-pot fashion, merging Sonogashira-
heterocyclization and oxidative Heck processes in the same step and using the same 
catalyst, starting from simple o-iodoanilines (Figure 8.1).  In this work we have further 
increased the efficiency of the cascade reaction by incorporating a Sonogashira reaction 






8.2 RESULTS AND DISCUSSION 
 
We have found that the indole derivatives protected as carbamates have better 
solubilities, and they are easier to purify and crystallize than the corresponding free indoles 
with the same substitution pattern. At the same time, the carbamate group does not 
prevent cyclization through the nitrogen in the nucleopalladation step.173 Thus, we have 
prepare the precursors following two straightforward reactions shown in Scheme 8.2. The 
synthesis of the 2-halocarbamates 8.2 has previously been described in the literature.173, 
302 The condensation of the 2-ethynylanilines 8.3 with the corresponding acid chloride 
afforded the products 8.4 also in good yields as described previously. 284a 284b 173 
 
Scheme 8.2. Reaction conditions: (a) ClCO2Et, K2CO3, acetone, 25 ºC (8.2, 90-
99%) or ClC(O)OEt, Py, ether, 0-10 ºC,  (8.2, 90-99%). (b) Acryloyl chloride, Et3N, CH2Cl2, 
25 ºC (8.4a, 87%). (b) Ethyl (E)-4-chloro-4-oxobut-2-enoate, Py, Et2O, 25 ºC (8.4 60-99%).  
We have reported previously conditions for the formation of indoles in one-pot 
secuence, 172 which included: (a) treatment of the corresponding o-yodoaniline (1 equiv) 
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and alkyne (2 equiv) with PdCl2(PPh3)2 (5 mol%) as the catalyst and CuI (20 mol%), Ph3P 
(5 mol%), Et3N (2 equiv) as the additives in N,N-dimethylformamide (DMF) under Ar 
atmosphere at 50 °C for 0.5h; (b) opening the flask to air and heating to 50 ºC for 17-22h. 
However, the reaction of 8.2a with alkyne 8.4a did not provide the expected product 8.7aa 
(Table 8.1, entry 1). Increasing the temperature by 10 ºC led only to the product of the first 
reaction, compound 8.5aa (Sonogashira’s product), and no cyclization product was 
detected (Table 8.1, entry 2). Higher temperatures were required to produce the desired 
product (Table 8.1, entries 3 and 4), but the yields were not satisfactory. This result could 
be attributed both to the instability as well as the low solubility of the product, as observed 
in our previous work for this type of structures, 173 particularly those such as 8.7ba with a 
terminal double bond derived from acrylate (Table 8.1, entry 5). The yield improved 
significantly when the component of the Heck reaction was a non-terminal olefin (Table 
8.1, entry 6). Moreover, the greater stability of these products allowed to increase the 
temperature of the cyclization leading to much better yields (Table 8.1, entry 7). Increasing 
the dilution does not improve the amount of product obtained but led to cleaner reaction 
mixtures easier to purify (Table 8.1, entry 8). 
 
Table 8.1. Selected optimization results for preparation of indolobenzazepinones 
8.7 
 
Entry 8.2 8.4 Change of standard reaction 
conditionsa 
Product, Yieldb 
t1(h) t2(h) T1(ºC) T2(ºC) 
1 8.2a 8.4a 50 50 1 24 8.5aa, 38% 
2 8.2a 8.4a 60 60 16 17 8.5aa, 69% 
3 8.2a 8.4a 60 100 1 17 8.6aa, 12%; 8.7aa, 6% 
4 8.2a 8.4a 60 80 1 2 8.5aa, 66% 
5 8.2b 8.4a 60 100 2 24 8.5ba, 20%; 8.7ba, 8% 
6 8.2b 8.4b 60 100 24 24 8.5bb, 36%; 8.7bb, 48% 
7 8.2b 8.4b 60 120 6 18 8.7bb, 60% 
8c 8.2b 8.4b 60 120 5 20 8.7bb, 58% 
aUnless otherwise stated, reaction conditions involve: (a) PdCl2(PPh3)2 (5 mol%), CuI 
(20 mol%), Ph3P (5 mol%), Et3N (2 equiv), alkyne 8.4 (2 equiv), DMF (3 mLmmol-1) under 
Ar, time (t1, h) and temperature (T1, ºC); (b) air, time (t2, h) and temperature (T2, ºC). 
bIsolated yield (%). cThe concentration of the reaction changed to 10 mLmmol-1. 
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The main byproducts isolated (Scheme 8.3) are the result of the interrupted 
cascade at one of the steps. Thus, 8.5aa, 8.5ba and 8.5bb are the products of the 
Sonogashira reaction, withouth advancing to the heterocyclization/Heck oxidative 
reaction. On the other hand, 8.6aa results from protonation of the cyclization product after 





The   drug   discovery   process   can   be described as  the identification  and  
validation  of  a  disease target  and  the  discovery  and  development  of  a  chemical 
compound to interact with that target. 303 Early drug discovery involves several phases 
from target identification to preclinical development. The identification of small molecule, 
indolobenzazepinones, that appear to activate Sirt1 in biochemical assays represent a 
useful starting point. The transformation of these modulators of enzyme function into high 
content lead series are key activities in modern drug discovery.  
We have developed a one-pot protocol involving Sonogashira and 
heterocyclization-Heck coupling reactions cascade starting from terminal alkynes and 2-
iodoaniline-type substrates. This protocol is useful to carry out the synthesis of new 
potentially active compounds with structural diversity in a single one-pot operation. To 
explore the generality of this new method, we examined the reaction of a variety of ortho-
iodoanilines 8.2 with differents alkynes 8.4 (Scheme 8.4). We included bromine at the 
para-position to the first aromatic ring (8.7eb and 8.7ed) trying to simulate the positive 
effects on activity present by kenpaullone (Figure 8.1).263b Following this idea of finding a 
lead structure with better biochemical profile, we also incorporated electron-withdrawing 
groups as in analogue 8.7fb, since 9-nitro-paullone (alsterpaullone, Alp, Figure 8.1) has 





















Scheme 8.4. Scope of the one-pot protocol involving Sonogashira and cascade 
heterocyclization-Heck-type coupling reactions. Yields correspond to the isolated pure 
material. 
 
A plausible (and simplified) mechanism of the cascade reaction is shown in Scheme 8.5. 
A classical Pd-Cu co-catalyzed Sonogashira reaction starts from the oxidative addition of 
Pd(0) to the arylhalide to give complex I. Concomitant formation of the alkynylcopper 
complex II favored by the presence of an amine base and transmetallation affords the 
Pd(II) complex III, from which the reductive elimination regenerates Pd(0) and forms 
intermediate 8.5. Coordination of the o-alkynylaniline to Pd(II) in intermediate complex IV 
triggers nucleopalladation to form the indole ring of VI and the heterocyclic C3--Pd(II) 
complex undergoes insertion into the pendant alkene to afford VI from which the olefin 
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product 8.7 is formed after reductive elimination. The palladium hydride undergoes -
elimination to Pd(0), which is then reoxidized by potassium iodide and oxygen to Pd(II).  
Obviously, these catalytic cycles are incompatible (the presence of oxygen in the 
Sonogashira reaction induces alkyne dimerization) and therefore the one-pot cascade 
process reaction is only possible because the Pd(0) cycle is completed first and then Pd(II) 







Scheme 8.5. Mechanism of the one-pot protocol comprising the Sonogashira- 





In summary, the feasibility of a one-pot protocol involving Sonogashira and 
cascade heterocyclization-Heck-type coupling reactions has been demonstrated starting 
from ortho-iodoanilines and terminal alkynylanilines. This combination of consecutive 
Sonogashira, nucleopalladation and oxidative couplings conveniently sidesteps the 
preparation of a new block of derived compounds indolobenzazepinones. These 
compounds will be subjected to the corresponding biological assays in order to corroborate 








COUPLING CASCADE TO 
DEHYDROTRYPTOPHANS. 
 
































The prominent role of the indole ring in pharmaceutical chemistry,304 together with 
its ubiquitous presence in alkaloids,305 makes this scaffold of the utmost synthetic 
interest.198b, 306(arylation) 307(alkene functionalization via nucleopalladation) 73, 100, 308 
(nucleopalladation/arylation: Cacchi reaction) Among the variety of methods to access C3-
alkenyl substituted indoles, palladium-catalyzed cascade heterocyclization/Heck-type 
coupling reactions of ortho-alkynylanilines are finding application in recent years. 170-173 In 
these reactions Pd(II) usually activates the C≡C -bond toward nucleopalladation with the 
tethered aniline nucleophile,309 310 and the resulting σ-indolylpalladium intermediate then 
reacts with an alkene through carbopalladation and β-H elimination steps (Scheme 9.1). 
External oxidants are required to render the reaction catalytic in Pd(II) by oxidation of the 
Pd(0) species produced in the last step.136  
We have previously shown that alkenyl-benzofurans (9.7), -indoles (9.10) (and 
isoquinolone-type derivatives 9.11) can be efficiently obtained starting from readily 
available phenol, aniline or benzamide substrates 9.5-9.7 and functionalized alkenes 9.8 
by a cascade comprising intermolecular alkyne nucleopalladation/Heck-type coupling 
under oxidative conditions. This combination of consecutive Sonogashira and 5-endo-dig 
cyclizations oxidative couplings conveniently sidesteps the preparation of haloaryl or β-
halo-α,β-unsaturated carbonyl derivatives, and obviates the need for protection-




Scheme 9.1. A Cyclization/Heck Cascade 
The use of dehydroalanine derivatives in the form of α-acetamidoacrylate esters 
(9.14) as components of the Heck reaction is particularly appealing, since the resulting 
dehydrotryptophans 9.15 311 could be converted by enantioselective catalytic 
hydrogenation into the corresponding tryptophan derivatives. In addition, several natural 
products, such as 9.16312 and 9.17313, contain the dehydrotryptophan unit forming a 
diketopiperazine with other aminoacids.314 
Scheme 9.2. Strategy for Preparation of Dehydrotryptophans. 
While the dehydrotryptophans could be obtained by condensation reactions 
starting from indole C-3 carbaldehydes, attempts to prepare this functionality directly from 
indoles have met with little success. Yokoyama et al first described the C-3 vinylation of 
N-tosylindole using α-NHBoc acrylate esters but the procedure required the use of an 
stoichiometric amount of Pd(OAc)2, NaHCO3 and chloranil. The catalytic version of the 
same reaction took place with a moderate (38%) yield. The alternative Heck reaction of 3-
haloindoles with α-NHR acrylate esters has been succesfully employed to access 
dehydrotryptophans, but requires the prior functionalization at C3. 315 316 A beneficial effect 
of added LiCl has been described in this version of the Heck reaction, which is not fully 
understood. 317  
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The oxidative cyclization/Heck cascade previously described by our group 
170_ENREF_210 holds the potential to become a general and practical method for the 
preparation of dehydrotryptophan derivatives (Scheme 9.2), as the σ-indolylpalladium 
intermediate 9.13 could be intercepted by the acrylate derivative 9.14, thus affording the 
corresponding dehydrotryptophans 9.15 in a cascade process starting from o-
alkynylanilines 9.6. Obstacles to overcome are the lower reactivity of α-NHR acrylate 
esters relative to acrylate esters or unsaturated analogs used previously, the sacrificial 
use of more than 1 equivalent of the acrylate and the instability of the products to the 
somehow harsh reaction conditions.170b 
To explore these possibilities we targeted in our study the corresponding reactions 
of o-alkynyl-anilines (9.6) obtained from the corresponding Sonogashira products 318 and 
carried out the oxidative Heck cyclization289 with the substituted alkenes 9.14. The 
reactivity of the different o-alkynyl-anilines was extended to test substrate 9.6a used 
previously. 170a_ENREF_210 Unprotected and, in some cases, N-protected anilines were 
used. In order to synthetically explore the dehydrotryptophan products, protected terminal 
alkynes, as well as internal alkynes that could be easily deprotected after the reaction 
cascade, were included in the study. 
 
4.2 RESULTS AND DISCUSSION 
 
Representative substrates 9.5-9.7 were straightforwardly prepared, as indicated in 
Scheme 9.3, from appropriate o-haloaniline and alkyne precursors (9.2 and 9.4, 









9.6b, R = H, R1 = C(CH3)2OH
9.6c, R = CO2Et, R1 = C(CH3)2OH
9.6d, R = H, R1 = CH2OH
9.6e, R = Ms, R1 = CH2OH
9.6f, R = H, R1 = CH2OBz
9.6g, R = CO2Et, R1 = CH2OBz
9.6h, R = H, R1 = CH2OTBS
9.6i, R = COCF3, R1 = CH2OTBS
9.6j, R = H, R1 = CH(OEt)2
a. protection
b. PdCl2(PPh3)2CuI, Et3N, THF
9.6k, R = H, R1 = TMS
9.6l, R = H, R1 = TES
9.6m, R = CO2Et, R1 = TES
9.6n, R = Ms, R1 = TES
9.6o, R = PMB, R1 = TES
9.6p, R = H, R1 = TIPS
9.6q, R = H, R1 = SiMe2Bn







Scheme 9.3. Reagents and reaction conditions. (a) amine functionalization: for 
9.6c, ethyl chloroformate, K2CO3, acetone, rt, 100%; 9.6i, commercial; for 9.6o, p-OMe-
C6H4CHO, NaCHBH3, AcOH, MeOH, 0 ºC to rt, 60%. (b) PdCl2(PPh3)2, CuI, Et3N, THF, rt 
(9.6b, 55%; 9.6c, 95%; 9.6h, 21%; 9.6i, 35%; 9.6j, 40%; 9.6l, 99%; 9.6n, 60%; 9.6o, 85%; 
9.6p, 95%; 9.6q, 93%; 9.6r, 58%; 9.6s, 100%); 50 ºC for 9.6d (67%), 9.6f (34%), 9.6g 
(93%). (c) MsCl, DMAP, py, THF, rt (9.6e, 69%; 9.6n, 15%). 
A survey of reaction conditions was then performed with representative 2-p-
tolylalkynylaniline 9.6a in couplings with methyl a-acetamidoacrylate 9.14a and the results 
compared with that of n-butyl acrylate 9.8a (Table 9.1). Initially 9.6a was used with the 
optimized conditions found for n-butyl acrylate and other olefins, namely PdCl2/KI in DMF 
at 100 ºC (entry 1), as we have demonstrated that the use of KI for the cyclization/coupling 
reaction improves the yield considerably. After 20h, product 9.15a was isolated in 53% 
yield, which is much lower than that of the parent n-butyl acrylate 9.10a (85%). Lowering 
the temperature had a deleterious effect (entries 2 and 3). Knowing the expensive price of 
the olefin, we performed some tests with only two equivalents of this. Other palladium 
catalysts, such as PdCl2(PPh3)2 (entry 4) proved also useful, but yields were somewhat 
inferior to those obtained with PdCl2. Under the new catalytic conditions, the use of a base 
was found again to have deleterious effects on the coupling, as shown by the result in 
entry 5. The beneficial effect of maleic anhydride previously reported for the intramolecular 
version of the reaction appears to be irrelevant here, as no conversion to product was 
seen (entry 6). Excess methyl α-acetamidoacrylate was also found to be not excessively 
important, as shown compared all entries with entry 1. Adding (o-tol)3P or (p-OMePh)3P 




Table 9.1. Survey of Reaction Conditions for Preparation of Dehydrotryptophan 
9.15a 
 
Entry Change of standard reaction conditionsa,b Product Yieldc 
1 none 9.15a 53 
2 60 °C 9.15a 40 
3 80 °C 9.15a 25 
4 PdCl2(PPh3)2, 9.14a (2 equiv) 9.15a 1 
5 PdCl2(PPh3)2, K2CO3 -- -d 
6 PdCl2(PPh3)2, 9.14a (2 equiv), MA (1 equiv) -- -e 
7  (o-tolyl)3P, 9.14a (2 equiv) 9.15a 33 
8  (p-OMePh)3P, 9.14a (2 equiv) 9.15a 40 
aUnless otherwise stated, 5 mol % of a Pd complex (PdCl2) and 6 equiv of methyl α-
acetamidoacrylate 9.14a were used relative to 9.6a in the presence of KI (0.5 mol equiv) in aerated 
DMF at 100 ºC. bWithin brackets, number of equivalents relative to 9.14a. cIsolated yield (%). 
dStarting material 9.6a was recovered (60%). eStarting material 9.6a was recovered (52%). 
 
The reaction conditions of entry 1 were applied to the series of representative 2-
alkynylanilines 9.6b-i, which have a terminal alkynyl substituent that could in the event be 
removed at the stage of the 2-substituted indole product. The results were, however, 
dissappointing, and either recovered reactant (9.6) or complex mixtures were obtained. 
On the contrary, in control experiments with n-butyl acrylate 9.8a, alkynylaniline 9.6f 
afforded a 40% yield of indole 9.10f, and analogue 9.6b provided a 93% of product 9.10b.  
We next turned our attention to silylalkynes of different steric characteristics 9.6k-
q, as the corresponding 2-unsubstituted-indoles 9.15 would be acquired via 
protodesilylation of the cascade reaction, offering a convenient alternative to the 
hypothetical use of acetylene as alkyne component in the Sonogashira coupling. The 
TMS-substituted alkynylaniline 9.6k (and likely the corresponding product) proved to be 
highly unstable and led to extensive degradation when reacted with 9.14a under the 
conditions shown in Table 9.2. In comparison, reaction of 9.6k with n-butylacrylate 9.8a 
led to a 1:1 mixture of the 2-silylindole 9.10k and 2-indole 9.10k’ in 72% yield.  
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The TIPS substituent proved to be stable to reaction conditions, but did not 
participate in the nucleopalladation/oxidative Heck cascade. The process, however, took 
place with less bulky analogues TES and BnSiMe2. Table 9.2 summarizes the results 
obtained with the TES derivative 9.6l. Standard conditions (entry 1) afforded product 
9.15la in 42% yield, which could be further improved upon subsequent additions of catalyst 
up to 1 mol equivalent (entries 2, 3). Other oxidants (O2, Cu(OAc)2, CuCl2) proved to be 
inferior and led to unidentified mixtures of products. The use of ligand 9.19 319 with PdCl2 
provided the corresponding product 9.15la in 27% yield accompanied by 22% unreacted 
9.6l (entry 4). 
In an attempt to reduce the number of equivalents of the Heck olefin, experiments 
were performed with decreasing amounts of 9.14a, but the results were also disappointing, 
with moderate conversion to partial degradation outcomes as temperature increased. No 
beneficial effects of higher concentration, presence of additives (MA), increase of the 
amount of KI or its absence, addition of phosphines (entries 5-11). Lowering the 
temperature to reduce the degradation only returned the reactant virtually unaffected 
(entry 12). Equally ineffective was the protection of the nitrogen as sulfonamide or p-
methoxybenzylamine substrates (9.6n and 9.6o, respectively) which underwent partial 
degradation and the expected products could not be isolated. The yield for the analogous 
substrate with a bromine para to the alkyne 9.6s was very inefficient and indole 9.15sa 
was isolated in only 23% yield, which is about half that obtained with parent 9.6l. 
 
 
Table 9.2. Survey of Reaction Conditions for Preparation of Dehydrotryptophans 
9.15la. 
 





1 9.4ª PdCl2(PPh3)2 20 9.15la 42 
2 9.4a PdCl2(PPh3)2 (3x) 20 9.15la/9.6l 46/20 
3 9.4a PdCl2(PPh3)2 (1 equiv) 24 9.15la 55 
4 9.4a PdCl2, Ligand 19 24 9.15la/9.6l 27/22 
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5 9.4a PdCl2(PPh3)2, 9.14a (3 equiv) 24 9.15la 17 
6 9.4a PdCl2(PPh3)2, 120 °C, 9.14a (3 equiv) 24 9.15la/9.6l 19/8 
7 9.4a PdCl2(PPh3)2, 9.14a (1.5 equiv) 24 9.15la/9.6l 9/13 
8 9.4a PdCl2(PPh3)2, DMF (concentration 
4x), 9.14a (3 equiv),  
24 9.15la 26d 
9 9.4a PdCl2(PPh3)2, 120 °C, 9.14a (3 
equiv), MA (1 equiv) 
24 9.15la -/35 
10 9.4a PdCl2(PPh3)2, 120 °C, 9.14a (3 equiv) 24 9.15la/9.6l 23/20 
11 9.4a PdCl2, (p-OMePh)3P, 9.14a (3 equiv) 24 9.15la/9.6l 17/20 
12 9.4a PdCl2(PPh3)2, 80 °C 24 9.15la -/93 
13 9.4b none 24 9.15lb/9.6l 26/57 
14 9.4b PdCl2(PPh3)2, 120 °C 24 9.15lb/9.6l 26/54 
15 9.4b PdCl2(PPh3)2, 130 °C 24 9.15lb 26 e 
16 9.4b none 48 9.15lb 32 f 
17 9.4b 80 °C 24 9.15lb/9.6l 14/64 
18 9.4b PdCl2(PPh3)2, 9.14b (10 equiv) 24 9.15lb/9.6l 40/40 
19 9.4b PdCl2(PPh3)2, nBu4NCl 24 9.15lb/9.6l 27/61 
20 9.4b PdCl2(PPh3)2, KI (1.0) 24 9.15lb/9.6l 19/30 
aUnless otherwise stated, 5 mol % of PdCl2 and 6 equiv of acrylate 9.14 were used relative 
to 9.6l in the presence of KI (0.5 mol equiv) in aerated DMF at 100 ºC. bWithin brackets, number of 
equivalents relative to 9.6l. cIsolated yield (%). dThe 3-H-indole 9.18l was also formed in low yield 
(4%). eThe 3-H-indole 9.18l was also formed (24%). fThe 3-H-indole 9.18l was also formed in low 
yield (3%). 
In an attempt to increase the reactivity of the olefin, the corresponding 
trifluoroacetamide 9.14b (prepared as described 320 ) was used, but the results were 
comparable to those described for the acetamide 9.14a. Although reaction mixtures were 
apparently cleaner, two shortcomings were found: dimerization of the olefin complicated 
the purification of the product, and the percentage of the 3H-indole by-product 9.18l 
increased, in particular at higher temperatures (entries 15 and 16). 
Puzzingly, the control reaction of substrate 9.6l with n-butyl acrylate 9.8a under 
the optimized conditions was very sluggish (18% indole 9.10l and 82% unreacted starting 
material). On the other hand, the reaction of TMS-alkynylaniline 9.6k with olefin 9.14b led 
to 42% of the reaction product 9.15kb.  
Both the TMS and the TES at position C2 of products 9.15kb and 9.15lb could be 
deprotected in 85% and 92% yields, respectively. However, indole 9.20 is not stable to the 
reaction conditions, since it was partially recovered (52% yield) in stability control 
experiments. Finally, olefin 9.14b was shown to easily undergo the Pd-catalyzed reaction 
cascade since treatment of p-tolyl substrate 9.15a led to indole 9.10b in 82% yield.  
The results with the benzyldimethylsilane were likewise mixed, although with this 
substrate the quantities of 3-H-indole were very low. Acetamide 9.14a behaved in this case 
as a more convenient Heck partner, as its use led to product 9.15qa in 60% yield (entry 
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1). Increasing the temperature to 120 ºC led to additional degradation of the product (entry 
2). The use of the reaction components in a 2:1 9.6q/9.14a ratio afforded product 9.15qa 
in 43% yield (entry 3). With the trifluoroacetamide 9.14b the best yields were obtained 
using PdCl2 (entry 4) but these could not be increased upon modifications of reaction time, 
temperature, catalyst, use of stoichiometric amounts of KI or its absence (entries 5-13), or 
after changing the solvent to DMA (not shown). The bis-acetamide derivative 9.14c 
(prepared as described in the literature 321) led to an unacceptable yield (30%) of product 
9.15qc. Finally, control experiment of aniline 9.6q with n-butyl acrylate under the 
conditions of entry 1 afforded indole 9.10qa in 80% yield. Deprotection of 9.15qb to 9.20 
by treatment with TBAF was less efficient (65%) than those of alternative substrates (cf., 
92% for TES and 85% for TMS). 
 
Table 9.3. Survey of Reaction Conditions for Preparation of Dehydrotryptophans 
9.15q  
 





1 9.14a none 18 9.15qa 60 
2 9.14a 120 °C 3 9.15qa 33 
3d 9.14a none 18 9.15qb 43 
4 9.14b none  14 9.15qb 48 
5 9.14b none 9 9.15qb/9.6q 22/6 
6 9.14b none 30 9.15qb 25 
7 9.14b none 3 9.6q 63 
8 9.14b PdCl2(PPh3)2 18 9.15qb/9.6q 18/12 
9 9.14b PdCl2(PPh3)2  48 9.15qb 21 
10 9.14b PdCl2(PPh3)2, 120 °C 20 9.15qb 28 
11 9.14b 80 °C 48 9.15qb 28 
12 9.14b KI (1.0) 20 9.15qb 35 
13 9.14b No KI 20 9.6q 20 
14 9.14c none 24 9.15qc 30 
aUnless otherwise stated, 5 mol % of PdCl2 and 6 equiv of olefin 9.14 were used relative to 
9.6q in the presence of KI (0.5 mol equiv) in aerated DMF at 100 ºC. bWithin brackets, number of 
equivalents relative to 9.6q. cIsolated yield (%). dThe ratio of aniline to olefin was 2:1. 
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To summarize, only the protection of the alkyne as silylderivatives with moderate 
steric demands and relative stability (TES, SiMe2Bn) has been the only option found to 
construct the dehydrotryptophans starting from o-alkynylanilines. Whereas deprotection of 
the C2-benzyldimethylsilane group after the cascade reaction proceeds with moderate 
yield, this group holds the potential for further substitution reactions322 using Pd-catalyzed 
Hiyama-Denmark coupling reactions.322-323 In the same line, the o-alkynyl MIDA boronate 
aniline 9.6r, prepared as described324 failed to undergo the reaction cascade, even with 
the more reactive n-butyl acrylate. 
Focusing on the potential application to the synthesis of dehydrotryptophan 
derivatives of natural origin, the alkylidenediketopiperazine 9.29 was constructed as 
shown in Scheme 9.4 following the procedure described for other serinyldipeptide esters. 
325 Protection of L-proline 9.22 as benzyloxycarbonyl derivative 9.23 326 was followed by 
its condensation with L-serine 9.24 using DCC and HOBt to produce dipeptide 9.25. 
Protection of the primary alcohol as silylether 9.26 was followed by proline amine 
deprotection and treatment of the aminoester with Et3N in toluene to form DKP 9.27. 
Stepwise acetylation of the free nitrogen followed by deprotection/acetylation of the alcohol 
afforded 9.28. The aceetoxyderivative 9.28 underwent elimination to the 
methylidenepiperazine-2,5-dione 9.29 in 65% yield. 
 
Scheme 9.4. Reagents and reaction conditions. a. CbzCl, NaOH(aq), 0˚C to rt, 
94%. b. HOBt, DCC, Et3N, CH2Cl2, 93%. c. TBDMSCl, DMAP, Et3N, CH2Cl2, rt, 10h, 100%. 
d. i. H2, MeOH, Et3N, 10% Pd/C; ii. Et3N, tol, reflux, 80% combined. e. i. Ac2O, reflux; ii. 






In summary, the cascade intermolecular alkyne nucleopalladation/Heck-type 
coupling under oxidative conditions is an effective methodology for the preparation of 
dehydrotryptophans starting from readily available o-alkynylaniline substrates and 
functionalized acrylates. This combination of consecutive Sonogashira, nucleopalladation 
and oxidative couplings conveniently sidesteps the preparation of haloindoles, and 
obviates the need for protection-deprotection steps required with other alternative 
procedures. The subsequent Heck-type coupling takes place stereoselectively with 






























































To summarize, we have developed a new palladium-catalyzed synthetic 
methodology. First, we have developed and generalized the methodology paying attention 
to the mechanistic complexities of the process. Then the synthetic method was extended 
to complex scaffolds of interest in medicinal chemistry. The main conclusions drawn from 
the present work can be summarized as follows: 
1. A new Pd-catalyzed tandem heteropalladation/Heck-type coupling to obtain different 
heterocycles has been developed. Since two thirds of organic compounds are 
heterocyclic compounds, vastly distributed in  natural  products and biological 
molecules, and present in a wide variety of drugs, most vitamins, many natural 
products, and biomolecules, substantial attention has been paid to develop efficient 
new methods to synthesize heterocycles, as the one shown here.  
2. The intermolecular alkyne nucleopalladation/intermolecular Heck-type coupling 
cascade, under oxidative conditions is an effective methodology for the preparation of 
benzofuran-, indole-, and 1H-isochromen-1-imine-type derivatives, starting from 
readily available phenol, aniline or benzamide substrates and functionalized alkenes. 
Furthermore, a combination of consecutive Sonogashira (in substrate preparation) and 
oxidative couplings conveniently sidesteps the preparation of haloaryl or β-halo-α,β-
unsaturated carbonyl derivatives, and obviates the need for protection-deprotection 
steps required with other alternative procedures. The cyclization step preceding 
oxidative coupling is shown to be effective for 5-endo-dig- and 6-endo-dig-cyclization 
modes, is compatible with O- and N-heteronucleophilic partners, and proceeds with 
excellent regioselectivity. The subsequent Heck-type coupling takes place 
stereoselectively with exclusive formation of (E)-isomers in most cases, and allows the 
use of both mono- and disubstituted alkene partners.  
3. A very high degree of structural diversity can be obtained through simple variations at 
the different Sonogashira and Heck coupling partners, which also allows the 
introduction of useful functionality in the final products. The benzofuran, indole and 
isochromen-1-imine with different substituents are obtained in high yields in most 
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cases. Besides monosubstituted alkenes, a range of disubstituted α,β-unsaturated 
carbonyl-type derivatives were also found to participate effectively. 
4. We have developed a straightforward approach to tetrahydrodibenzofurans and 
tetrahydrobenzo[c]chromen-6-imines that is based on our sequence in an 
intramolecular version, starting from o-iodophenols and o-iodobenzamides. 
5. An intriguing beneficial role of maleic anhydride (MA) in the Heck reaction has been 
discovered. MA could stabilize Pd(0), formed in our reaction, as well as facilitate its 
reoxidation to Pd(II), thus preventing precipitation of ‘Pd black’ and the subsequent 
interruption of the catalytic cycle. 
6. Given that structural diversification is feasible by the appropriate selection of the 
starting components in the intramolecular sequence version, the rapid construction of 
these heterocyclic scaffolds will also be of interest to Medicinal Chemistry. 
7. A reasonable mechanism for the cascade Pd-catalyzed tandem 
heteropalladation/Heck-type coupling oxidative process has been proposed. After 
Pd(II)-promoted cyclization, the organopalladium intermediate undergoes alkene 
insertion, followed by β-elimination with release of products and palladium hydride. -
elimination of HX and oxidation of Pd(0) then regenerates the catalytic Pd(II) species.  
8. A three-component, stepwise, one-pot protocol involving Sonogashira and cascade 
heterocyclization-Heck-type coupling reactions has been demonstrated starting from 
terminal alkynes, electron-deficient alkenes and 2-halobenzamide-, 2-iodophenol- or 
2-iodoaniline-type substrates. This protocol is useful for the preparation of alkene-
substituted isochromenimines, benzofurans and indoles. Where comparisons are 
available, the yields were generally improved compared to those reported using 
analogous procedures with isolation of the intermediate Sonogashira adducts. Besides 
the usual benefits derived from increased simplicity, the new procedures avoid the use 
of additives, which are required when the reactions are performed the stepwise 
version.  
9. The Pd-catalyzed N-cyclization of o-alkynylanilines, combined with an intramolecular 
oxidative Heck reaction in a cascade process, allows the regioselective construction 
of the core indole and benzazepinone heterocycles of the polycyclic 




10. Some structures of indolobenzazepinones were confirmed by X-ray analysis, which 
corroborated the geometry of the exocyclic olefin. It is also confirmed that this reaction 
occurs in a highly regio-, stereo- and chemoselective manner. 
11. Some of these compounds appear to activate Sirt1 in biochemical assays, and 
although at present the concentration required for their activity is higher than those of 
existing compounds, they represent a useful starting point for further additional 
structural studies aimed to improve their potencies as sirtuin activators. 
12. The one-pot protocol involving Sonogashira and cascade heterocyclization-Heck-type 
coupling reactions has been demonstrated starting from ortho-iodoanilines and 
terminal alkynilanilines. This combination of consecutive Sonogashira, 
nucleopalladation and oxidative couplings conveniently sidesteps the preparation of 
the Sonogashira intermediate and directly led to indolobenzazepinones. These 
compounds will be subjected to biological assays in order to discover new or improved 
activities. 
13. The intermolecular alkyne nucleopalladation/Heck-type coupling cascade under 
oxidative conditions is an effective methodology for the preparation of 
dehydrotryptophans starting from readily available o-alkynylaniline substrates and 
functionalized acrylates. This combination of consecutive Sonogashira, 
nucleopalladation and oxidative couplings conveniently sidesteps the preparation of 
haloindoles, and obviates the need for protection-deprotection steps required with 
other alternative procedures. The subsequent Heck-type coupling takes place 
stereoselectively with exclusive formation of (E)-isomers, and allows the use of both 
dehydroalanine and methylidenepiperazine-2,5-dione, advanced intermediates in the 
synthesis of natural bioactive products. 
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A General Synthesis of Alkenyl-Substituted Benzofurans, Indoles, and Isoquinolones by 
Cascade Palladium-Catalyzed Heterocyclization/Oxidative Heck Coupling.
Rosana lvarez, Claudio Martnez,Youssef Madich, J. Gabriel Denis,José M. 
Aurrecoechea and Ángel R. de Lera.
Abstract:
Structurally diverse C3‐alkenylbenzofurans, C3‐alkenylindoles, and C4‐alkenylisoquinolones 
are efficiently prepared by using consecutive Sonogashira and cascade Pd‐catalyzed 
heterocyclization/oxidative Heck couplings from readily available ortho‐iodosubstituted 
phenol, aniline, and benzamide substrates, alkynes, and functionalized olefins. The 
cyclization of O‐ and N‐heteronucleophiles follows regioselective 5‐endo‐dig‐ or 6‐endo‐dig‐
cyclization modes, whereas the subsequent Heck‐type coupling with both mono‐ and 
disubstituted olefins takes place stereoselectively with exclusive formation of the E isomers in 
most cases.
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Abstract
Functionalized alkylidene‐1,2,3,4‐tetrahydrodibenzo[b,d]furans and ‐phenanthridin‐
6(5H)‐ones have been synthesized regio‐ and stereoselectively from either o‐
iodophenols or ‐benzamides and alkynes by consecutive Pd‐catalyzed Sonogashira 
coupling and nucleophilic addition/oxidative Heck‐type coupling cascade reactions. In 
the case of iodobenzamide substrates, the whole sequence can be conveniently carried 
out without the isolation of intermediates. Maleic anhydride has been found to be useful 
as an additive in the Heck coupling step.
The final authenticated version is available online at: https://doi.org/10.1002/
ejoc.201101297
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Abstract: A three-component, one-pot, stepwise Sonogashira–
heterocyclization–Heck-coupling process was developed starting
from either haloarenecarboxamides, halophenols or haloanilines,
terminal alkynes and electron-deficient alkenes. Cyclic imidate-,
benzofuran-, or indole-type products are obtained, respectively, in
useful yields, being typically better than those obtained with isola-
tion of the intermediate Sonogashira adducts. Very high 6-endo se-
lectivity is maintained with imidate-type coupling products despite
the presence of copper salts carried over from the Sonogashira cou-
pling.
Key words: cyclization, Sonogashira reaction, Heck reactions, pal-
ladium, regioselectivity
Multistep syntheses can often be simplified by running
two or more consecutive steps without isolation of inter-
mediates. Ideally, these one-pot multicomponent proce-
dures would simply involve the mixing of reagents, which
then participate chemoselectively in a particular sequence
of events leading to the final product.2 Alternatively, a
one-pot, stepwise procedure may be adopted where some
additional external manipulation is needed. For example,
the sequential introduction of reagents in a certain order
may be a requirement for success.3–9 Whatever the actual
protocol, the advantages of these types of operational
strategies usually include lower costs, a more expeditious
procedure, fewer purifications, and often, higher overall
yields. When the consecutive steps in a multicomponent
process include metal-catalyzed reactions,6,10–19 one par-
ticular challenge is the finding of a so-called ‘multitask
catalyst’4,6 that is suitable for all the different steps in-
volved in the overall transformation. For example, one-
pot, consecutive Sonogashira–cycloisomerization reac-
tions have been employed extensively.20 However, reports
on the related process involving an additional coupling af-
ter the cyclization step (Sonogashira–cyclization–cou-
pling) are scarce,3,5,7–11 particularly when the new
coupling takes place under oxidative conditions.7,8,10a,21 A
key problem in this case is the difficulty in running the air-
sensitive Sonogashira reaction and an oxidative coupling
process (e.g., Heck) under a unique set of conditions, a sit-
uation where a one-pot, stepwise procedure may be ad-
vantageous. One such case is the formation of tricyclic
products 4 from 2-iodobenzamides 1 and alkyne 2, in-
volving consecutive Sonogashira and cascade cycliza-
tion–intramolecular oxidative Heck reactions. The
reaction is performed in a one-pot, stepwise fashion with-
out isolation of the intermediate Sonogashira adduct 3
(Scheme 1).8 The same strategy has been employed in the
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In fact, the cyclic imidate substructure embedded in prod-
ucts 4 has been the subject of significant attention in the
literature.22–29 While this is due in part to some interesting
biological activities displayed by five- and six-membered
cyclic imidates25,29 and to their use as ligands in asymmet-
ric catalysis,30 it is also noted that the preparation of these
compounds has revealed a rather unexpected strong ten-
dency of 2-alkynylbenzamides to undergo O-cyclization
in palladium-catalyzed processes.8,26,27,31,32 Furthermore,
the regiochemistry of the cyclization has been found to be
variable, depending on the reaction conditions. For exam-
ple, under the oxidative Heck conditions of Scheme 1, in-
termediate 2-alkynylbenzamides 3 undergo highly
selective 6-endo-cyclizations,8,31 whereas an alternative
coupling with aryl halides has been reported with 5-exo
regioselectivity,26 and reactions cocatalyzed by palladium
and copper led to oxidative dimerization products, also
with 5-exo regiochemistry.27 Significantly, in the one-pot
preparation of 4, the formation of side-products, presum-
ably regioisomers and/or dimers, was suppressed with the
addition of catechol, which was suspected to act as a cop-
per scavenger.8,33,34 In this particular case, it is also likely
that the intramolecular nature of the Heck coupling con-
tributed such that it prevailed over the alternative compet-
Table 1  One-Pot, Stepwise Sonogashira–Cascade Oxycyclization–Oxidative Coupling from Halocarboxamides 5, Alkynes 6 and Ethyl 
Acrylatea
Entry Halocarboxamide R1 R2 Method Product Yield (%)b
1 5a Ph Ph (6a) A 9a 82 (72)
2 5b 4-MeOC6H4 Ph (6a) A 9b 75 (66)
3 5a Ph 4-MeOC6H4 (6b) A 9c 67
4 5c 4-ClC6H4 n-Hex (6c) A 9d 78
5 5c 4-ClC6H4 n-Hex (6c) B 9d 75
6 5c 4-ClC6H4 thien-3-yl (6d) A 9e 69
7 5c 4-ClC6H4 thien-3-yl (6d) B 9e 56















11 5f Ph Ph (6a) A 9i 54
12 5f Ph n-Hex (6c) A 9j 47
13 5f Ph n-Hex (6c) B 9j 50
14 5g n-Bu n-Hex (6c) A 9k 64
15 5h Ph n-Hex (6c) Ad 9l 52
a Reaction conditions: Method A: (i) PdCl2(PPh3)2, (5 mol%), CuI (1 mol%), 6 (1.2 equiv), Et3N (8.6 mL/mmol), 55 °C, Ar, 2–5 h; (ii) evapo-
ration of Et3N; (iii) ethyl acrylate (6 equiv), DMF, 80 °C, air, 16–24 h. Method B: (i) PdCl2(PPh3)2 (5 mol%), CuI (20 mol%), Ph3P (5 mol%), 
6 (2 equiv), ethyl acrylate (2 equiv), Et3N (2 equiv), DMF (3 mL/mmol), 60 °C, Ar, 21–24 h; (ii) 60 °C (except entry 7, 80 °C), air, 19–24 h.
b Yield in parentheses is that over the two steps with isolation and purification of the intermediate Sonogashira product.31
c Catalyst (2%) and pyridine (1 equiv) were used; 42 h for step (iii).
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itive oxidative dimerization.27 Based on these precedents,
it was considered interesting to study the possibility of ap-
plying the stepwise protocol of Scheme 1 to the corre-
sponding three-component process using
halobenzamides, alkynes and ethyl acrylate, without iso-
lation of intermediate Sonogashira adducts. The cycliza-
tion–intermolecular Heck coupling cascade of 2-
alkynylbenzamides and alkenes has been shown to also
provide cyclic amidates in a 6-endo-selective manner.31
By performing the coupling in the presence of the copper
salts carried over from the Sonogashira coupling, the ef-
fect of copper on the regiochemistry and coupling effi-
ciency would be evaluated in the absence of any
intramolecular bias. We now report that the three-compo-
nent process from haloarenecarboxamides 1 (and related
substrates), terminal alkynes and ethyl acrylate is also ef-
fective without isolation of the intermediate Sonogashira
adducts, and that cyclic imidate type coupling products
are obtained with very high 6-endo selectivity. In contrast
with the variant shown in Scheme 1, this new protocol
does not require the use of additives such as maleic anhy-
dride and catechol. Nevertheless, the isolated yields are
improved compared to those reported via the two-step
procedure, and some new substitution patterns have been
incorporated successfully. Examples of derivatization by
functional group manipulation of the products are also de-
scribed. Additionally, extension of this one-pot process to
the similar use of 2-iodo-phenols and -anilines is also
demonstrated.
Iodobenzamide 5a (Ar = C6H4, R1 = Ph, Table 1) was used
as a test substrate, and was subjected initially to
Sonogashira conditions with phenylacetylene (6a) in the
presence of excess ethyl acrylate (7). A stoichiometric
amount of copper(II) chloride (CuCl2)33 was used in an at-
tempt to provide the oxidant to generate the palladium(II)
needed for the cyclization–Heck coupling after the initial
palladium(0)-promoted Sonogashira reaction. In this
manner, the coupling product 9a would be synthesized in
a one-pot, three-component coupling. In the event, the
corresponding Sonogashira adduct 8a31 was formed read-
ily, as judged by TLC, but did not react further. Formation
of the desired cascade product 9a took place only when air
was allowed to enter the system and replace the initial ar-
gon atmosphere. Following this procedure, product 9a
was obtained in 40% yield accompanied by other uniden-
tified coupling products. The yield of 9a was improved to
82% when triethylamine was evaporated before carrying
out the cyclization–Heck cascade (Table 1, entry 1, meth-
od A). Therefore, as previously observed in the corre-
sponding intramolecular Heck processes,8 the presence of
triethylamine had a deleterious effect on the formation of
9. Remarkably, the maleic anhydride and catechol addi-
tives found necessary in those reactions were not required
in this case. The yield of 9a (82%) compares favorably
with the 72% overall yield obtained when the reaction was
performed in two steps, with isolation of Sonogashira ad-
duct 8a, and starting from the same substrates (5a, 6a and
ethyl acrylate).31 The results on the application of the
same conditions to a collection of 2-halobenzamide-type
substrates 5 and alkynes 6 are shown in Table 1. We used
the preparation of known compounds 9a and 9b31 to con-
firm both the validity of the structural assignments, and
the yield advantage realized when performing the whole
sequence without isolation of intermediates (Table 1, en-
tries 1 and 2). The remainder of compounds 9 are new
structures incorporating various combinations of aryl and
alkyl groups at R1 and R2, as well as substitution on the
aryl ring of the starting haloarenecarboxamide 5 (Table 1,
entries 9–15). Additionally, heterocyclic moieties have
also been introduced at various positions (Table 1, entries
6, 7 and 15). Structural assignments for new products
were initially made by analogy with known compounds
9a and 9b, and were confirmed by X-ray analysis of 9g
(see the Supporting Information, Figure 1).
Additionally, reaction conditions were developed in
which the triethylamine evaporation step was avoided by
reducing the relative amount of the amine and by using tri-
phenylphosphine (Ph3P) as an additive (method B). The
yields were similar to those obtained using method A (Ta-
ble 1, entries 5, 7 and 13). Besides, it was interesting that
haloarenecarboxamides 5 underwent Sonogashira cou-
pling with alkynes 6 selectively, even in the presence of
excess ethyl acrylate, without any apparent interference
from the alternative Heck coupling with the alkene. Also,
it is worth noting that in the presence of both palladium
and copper complexes, the intermolecular Heck coupling
competes effectively with the alternative oxidative dimer-
ization,27 thus ruling out the need for an intramolecular
bias to perform these reactions. It is also noted that the re-
giochemistry of the cyclization is 6-endo-selective, even
in the presence of copper salts, implying that copper-
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The imino functionality of products 9 was sensitive to
acidic conditions, as shown by the conversion of 9a into
lactone 1035,36 (Scheme 2, a), but products 9 were other-
wise reasonably stable and they could be purified by silica
gel chromatography, provided that the silica was first sat-
urated with triethylamine. Alternatively, as exemplified in
Scheme 2 (b), selective hydrolysis of the ester function
was possible to afford the corresponding acids 11a,b,
which were also stable compounds.
Next, the extension of this one-pot, stepwise protocol to
phenol- and aniline-type substrates was investigated and
found to be similarly effective, as shown by the prepara-
tion of benzofurans 16 and indoles 17 (Table 2), with
yields, that in most cases, were improved compared to
those reported with isolation of the intermediate
Sonogashira adducts.31 In the case of benzofurans 16, the
employed conditions offer a practical alternative to the re-
cently reported microwave-assisted preparation.10a
Finally, encouraged by these results, we also studied the
corresponding reactions of iodophenols 12 and iodoani-
line 13 with functionalized alkynes 2 and 18 (Table 3). In
these cases, only the conditions of method B were found
to give useful results. However, in line with the results
displayed in Tables 1 and 2, the yields of benzofurans 19
and indole 20 were often improved compared with those
previously reported,8 and the advantages in simplicity of
this new protocol were maintained.
In conclusion, a three-component, stepwise, one-pot pro-
tocol involving Sonogashira and cascade heterocycliza-
tion–Heck-type coupling reactions has been demonstrated
starting from terminal alkynes, electron-deficient alkenes
and 2-halobenzamide-, 2-iodophenol- or 2-iodoaniline-
Table 2  One-Pot, Stepwise Sonogashira–Cascade Heterocyclization–Oxidative Coupling of Iodophenol 12 or Iodoanilines 13, Alkyne 14 and 
Alkenes 15a
Entry Substrate R1 A Method Temp (°C) Product Yield (%)b
1 12a H CO2n-Bu A 80 16a 97 (90)
2 12a H CO2n-Bu B 50 16a 60 (90)
3 12a H COMe A 80 16b 64 (90)
4 12b MeO CO2n-Bu B 50 16c 80
5 13a H CO2n-Bu A 100 17a 78 (73)
6 13a H CO2n-Bu B 50 17a 80 (73)
7 13b Me CO2n-Bu A 100 17b 74 (48)
a Reaction conditions: Method A: (i) PdCl2(PPh3)2, (2 mol%), CuI (4 mol%), 14 (1.3 equiv), Et3N (3 equiv), DMF, 25 °C, Ar, 2 h; (ii) evapo-
ration of Et3N; (iii) 15 (6 equiv), air, 20 h. Method B: (i) PdCl2(PPh3)2 (5 mol%), CuI (20 mol%), Ph3P (5 mol%), 14 (2 equiv), 15 (2 equiv), 
Et3N (2 equiv), DMF (3 mL/mmol), 50 °C, Ar, 1.5 h; (ii) air, 50 °C, 5 h.






12 X = O




16 X = O
17 X = NH
Pd(II), CuI(I)
method A or B
4-Tol
Table 3  One-Pot, Stepwise Sonogashira–Cascade Heterocycliza-
tion–Oxidative Coupling of Iodophenols 12 or Iodoaniline 13 and 
Alkynes 2 or 18a
Entry Substrate R1 R2 Alkyne Product Yield (%)b
1 12a H H 2 19a 72 (88)
2 12a H H 18 19b 72 (58)
3 12b MeO H 2 19c 55 (60)
4c 12c H MeO 2 19d 47 (40)
5 13 H H 2 20 56
a Reaction conditions: Method B: (i) Pd(PPh3)2Cl2 (5 mol%), CuI (20 
mol%), Ph3P (5 mol%), Et3N (2 equiv), alkyne (2 equiv), DMF (3 
mL/mmol), 50 °C, Ar, 0.5 h; (ii) air, 50 °C, 17–22 h.
b Yield in parentheses is that over the two steps with isolation of the 
corresponding intermediate Sonogashira product.8








  2 A = CO2Et
18 A = COMe
R2
A
12 X = O
13 X = NH
19 X = O
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type substrates. This protocol is useful for the preparation
of alkene-substituted isochromenimines, benzofurans and
indoles. Where comparisons are available, the yields were
generally improved compared to those reported using
analogous procedures with isolation of the intermediate
Sonogashira adducts. In the case of benzamide substrates,
the scope has been expanded with the incorporation of
new substitution patterns. Besides the usual benefits de-
rived from increased simplicity, the new procedures avoid
the use of the additives, which are required when the reac-
tions are performed using the isolated Sonogashira ad-
ducts.
All reactions involving air- and moisture-sensitive materials were
performed under an argon atmosphere. Et3N, CH2Cl2, and toluene
were distilled from CaH2 and purged with Ar. ACS-Grade DMF
was stored over 4 Å MS under Ar. All other reagents were commer-
cial compounds of the highest purity available. Analytical thin-layer
chromatography (TLC) was performed on Merck Kieselgel 60F254
aluminum plates, which were made visual with UV irradiation (254
nm), or by staining with an ethanolic solution of phosphomolybdic
acid. Flash column chromatography was performed on Merck Kie-
selgel 60 silica gel (230–400 mesh). Melting points were recorded
on a Buchi B-540 apparatus and are uncorrected. Infrared spectra
(IR) were obtained from a thin film deposited onto an NaCl glass
plate using a JASCO FT/IR-400 spectrometer; data include only
characteristic absorptions. 1H NMR spectra were obtained on Bruk-
er AV-300 or AMX-400 spectrometers at 300.13 or 400.16 MHz in
CDCl3 at ambient temperature, with the residual protic solvent as
the internal reference (δH = 7.26 for CHCl3, and δH = 2.05 for ace-
tone-d6). 13C NMR spectra were recorded on the same spectrome-
ters at 75.47 or 100.62 MHz in CDCl3 at ambient temperature, with
the central peak of the solvent (δC = 77.0 for CDCl3, and δC = 29.8
for acetone-d6) as the internal reference. The DEPT sequence was
routinely used for 13C multiplicity assignment. In addition, COSY,
NOE, HSQC and HMBC data were recorded to confirm the struc-
tural assignments. Electron impact (EI) mass spectra were acquired
on a Hewlett-Packard HP59970 instrument operating at 70 eV;
chemical ionization (CI) mass spectra were acquired on an Agilent
6890N gas chromatograph coupled to a mass spectrometer with a
Micromass GCT Time of Flight (TOF) analyzer; electrospray ion-
ization (ESI) mass spectra were acquired on a micrOTOF focus
mass spectrometer (Bruker Daltonics) using an ApolloII (ESI)
source with a voltage of 4500 V applied to the needle, and a counter
voltage between 100 and 150 V applied to the capillary. Iodoamides
5a–g were prepared from the corresponding acids according to a lit-
erature procedure,37 but modified by using toluene in place of ben-
zene. Compounds 5a,38 5b,38 5c,39 5d,40 5f8 and 5h41 were
characterized by comparison with literature data.
4-Chloro-2-iodo-N-phenylbenzamide (5e)
DMF (2 drops) and oxalyl chloride (180 μL, 2.12 mmol) were add-
ed to a suspension of 4-chloro-2-iodobenzoic acid (0.400 g, 1.42
mmol) in toluene (5 mL). After the acid had dissolved and evolution
of gas had ceased, the mixture was concentrated under vacuum to
afford the crude acyl chloride, which was used without further pu-
rification. To a soln of this crude acyl chloride in CH2Cl2 (6 mL)
was added a soln of Et3N (592 μL, 4.25 mmol) and aniline (129 μL,
1.42 mmol) in CH2Cl2 (6 mL). The mixture was stirred for 1 h and
then sat. aq NH4Cl soln (5 mL) was added. The aq layer was extract-
ed with CH2Cl2 (3 × 5 mL) and the combined organic layers dried
(Na2SO4) and evaporated. The crude residue was purified by flash
chromatography (hexanes–EtOAc, 90:10 to 85:15), to afford 5e
(400 mg, 79%) as a white solid.
Mp 172–173 °C.
IR (film): 1653 (s), 1600 (s) cm–1.
1H NMR (300.13 MHz, acetone-d6): δ = 7.18 (t, J = 7.4 Hz, 1 H),
7.41 (t, J = 7.8 Hz, 2 H), 7.57 (s, 1 H), 7.83 (d, J = 7.8 Hz, 2 H), 8.00
(s, 1 H), 9.55 (s, 1 H).
13C NMR (75.47 MHz, acetone-d6): δ = 93.8 (C), 120.6 (2 × CH),
124.9 (CH), 129.1 (CH), 129.6 (2 × CH), 130.0 (CH), 136.0 (C),
139.5 (CH), 139.9 (C), 143.0 (C), 167.4 (C).
MS (EI): m/z (%) = 359 (7) [37Cl, M]+, 357 (20) [35Cl, M]+, 267 (25),
265 (base).
HRMS (EI): m/z [M]+ calcd for C13H935ClINO: 356.9417; found:
356.9423; m/z [M]+ calcd for C13H937ClINO: 358.9388; found:
358.9385.
N-Butyl-2-iodo-4,5-dimethoxybenzamide (5g)
The above procedure was followed using 2-iodo-4,5-dimethoxy-
benzoic acid (2.03 g, 6.59 mmol) and n-butylamine (651 μL, 6.59
mmol). The crude amide 5g (2.34 g, 98%) was used without further
purification.
Mp 112–114 °C.
IR (film): 3275 (m), 1635 (s), 1593 (s), 1539 (s), 1496 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.97 (t, J = 7.3 Hz, 3 H), 1.39–
1.51 (m, 2 H), 1.58–1.68 (m, 2 H), 3.41–3.48 (m, 2 H), 3.86 and
3.87 (2 s, 6 H), 5.84 (br s, 1 H, NH), 7.00 (s, 1 H), 7.20 (s, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 13.7 (CH3), 20.2 (CH2), 31.2
(CH2), 39.8 (CH2), 56.0 (CH3), 56.2 (CH3), 80.7 (C), 111.8 (CH),
121.8 (CH), 134.6 (C), 149.1 (C), 150.3 (C), 168.7 (C).
MS (CI): m/z (%) = 364 (base) [M + H]+, 363 (28).
HRMS (CI): m/z [M + H]+ calcd for C13H19INO3: 364.0410; found:
364.0418.
Products 9; Typical Procedures
Method A
To a soln of 5 (1.55 mmol) and alkyne 6 (1.86 mmol) in Et3N (13
mL) were added PdCl2(PPh3)2 (54 mg, 77 μmol) and CuI (3.0 mg,
15 μmol). The resulting mixture was heated under Ar at 55 °C for
2–5 h and then the Et3N was removed in vacuo. DMF (13 mL) and
ethyl acrylate (7) (1.01 mL, 9.28 mmol) were added and the mixture
was stirred at 80 °C for 16–24 h. The mixture was allowed to cool
to 25 °C and a sat. aq NaHCO3 soln (25 mL) was added. The mix-
ture was extracted with EtOAc (3 × 50 mL), and the combined or-
ganic extracts were washed with H2O (15 mL), dried (Na2SO4) and
the solvent removed. The residue was purified as indicated below
for the individual cases.
Method B
To a soln of 5 (0.140 mmol) and alkyne 6 (0.280 mmol) in DMF
(420 μL) were added PdCl2(PPh3)2 (4.9 mg, 7.0 μmol), CuI (5.3 mg,
28 μmol), Ph3P (1.8 mg, 6.9 μmol), Et3N (39 μL, 0.28 mmol) and
ethyl acrylate (7) (30 μL, 0.28 mmol), and the resulting mixture was
stirred under Ar at 60 °C. After 21–24 h, air was allowed to enter
the system, and the mixture was stirred at 60 °C (Table 1, entries 5
and 13) or at 80 °C (Table 1, entry 7) for 19–24 h. The work-up pro-
cedure described in method A above was then followed.
Ethyl (E)-3-[(Z)-3-Phenyl-1-(phenylimino)-1H-isochromen-4-
yl]acrylate (9a)
Prepared from 5a38 (500 mg, 1.55 mmol) and phenylacetylene (6a)
(204 μL, 1.86 mmol). The crude residue was purified by flash chro-
matography on silica gel saturated with Et3N, (hexanes–EtOAc–
Et3N, 98.5:0.5:1 to 97.5:1.5:1), to afford 9a (502 mg, 82%). The
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Ethyl (E)-3-[(Z)-1-(4-Methoxyphenylimino)-3-phenyl-1H-iso-
chromen-4-yl]acrylate (9b)
Prepared from 5b38 (500 mg, 1.42 mmol) and phenylacetylene (6a)
(186 μL, 1.70 mmol). The crude residue was purified by flash chro-
matography on silica gel saturated with Et3N (hexanes–EtOAc–
Et3N, 98:1:1 to 91:8:1), to afford 9b (450 mg, 75%). The product




Prepared from 5a38 (0.150 g, 0.464 mmol) and 4-ethynylanisole
(6b) (72 μL, 0.56 mmol). The crude residue was purified by flash
chromatography on silica gel saturated with Et3N (hexanes–
EtOAc–Et3N, 94:5:1 to 70:29:1), to afford 9c (0.132 g, 67%) as a
yellow solid.
Mp 125–127 °C.
IR (film): 1710 (s), 1650 (s), 1591 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 1.33 (t, J = 7.1 Hz, 3 H), 3.82
(s, 3 H), 4.27 (q, J = 7.1 Hz, 2 H), 6.28 (d, J = 16.3 Hz, 1 H), 6.87
(d, J = 8.9 Hz, 2 H), 7.09 (t, J = 7.3 Hz, 1 H), 7.20–7.23 (m, 2 H),
7.31–7.49 (m, 5 H), 7.57–7.63 (m, 1 H), 7.67 (d, J = 16.3 Hz, 1 H),
7.74 (d, J = 8.0 Hz, 1 H), 8.47 (d, J = 7.9 Hz, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.3 (CH3), 55.3 (CH3), 60.6
(CH2), 109.0 (C), 113.7 (2 × CH), 122.7 (2 × CH), 123.5 (CH),
123.7 (CH), 123.9 (CH), 124.9 (C), 127.9 (CH), 128.2 (CH), 128.6
(2 × CH), 130.9 (2 × CH), 132.3 (CH), 132.6 (C), 139.3 (CH),
146.2 (C), 148.6 (C), 152.5 (C), 160.8 (C), 166.5 (C).
MS (CI): m/z (%) = 426 (base) [M + H]+, 425 (76).




Prepared from 5c39 (0.500 g, 1.40 mmol) and oct-1-yne (6c) (247
μL, 1.68 mmol). The crude residue was purified by flash chroma-
tography on silica gel saturated with Et3N (hexanes–EtOAc–Et3N,
98:1:1 to 97:2:1), to afford 9d (478 mg, 78%) as a yellowish oil.
IR (film): 1715 (s), 1652 (s), 1635 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.85–0.89 (m, 3 H), 1.24–1.31
(m, 6 H), 1.36 (t, J = 7.1 Hz, 3 H), 1.48–1.57 (m, 2 H), 2.51 (t, J =
7.4 Hz, 2 H), 4.30 (q, J = 7.1 Hz, 2 H), 6.15 (d, J = 16.1 Hz, 1 H),
7.09 (d, J = 8.7 Hz, 2 H), 7.30 (d, J = 8.7 Hz, 2 H), 7.41–7.48 (m, 2
H), 7.55–7.64 (m, 1 H), 7.66 (d, J = 16.0 Hz, 1 H), 8.37 (d, J = 7.8
Hz, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.3
(CH2), 27.3 (CH2), 28.6 (CH2), 31.0 (CH2), 31.4 (CH2), 60.7 (CH2),
109.7 (C), 123.0 (C), 123.1 (CH), 124.0 (2 × CH), 124.7 (CH),
127.7 (CH), 128.0 (CH), 128.6 (2 × CH), 128.7 (C), 132.5 (CH),
132.7 (C), 137.9 (CH), 145.0 (C), 149.4 (C), 155.5 (C), 166.3 (C).
MS (EI): m/z (%) = 439 (26) [37Cl, M]+, 438 (19), 437 (74) [35Cl,
M]+, 367 (22), 366 (22), 365 (27), 364 (32), 352 (22), 350 (38), 308
(31), 294 (25), 282 (20), 280 (60), 279 (26), 266 (23), 254 (25), 253
(35), 252 (71), 251 (26), 230 (21), 217 (base), 216 (64).
HRMS (EI): m/z [M]+ calcd for C26H2835ClNO3: 437.1758; found:




Prepared from 5c39 (0.100 g, 0.280 mmol) and 3-ethynylthiophene
(6d) (33 μL, 0.34 mmol). The crude residue was purified by flash
chromatography on silica gel saturated with Et3N (hexanes–
EtOAc–Et3N, 94:5:1 to 88:11:1), to afford 9e (84 mg, 69%) as a yel-
low-orange solid.
Mp 143–145 °C.
IR (film): 1738 (s), 1717 (s), 1647 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 1.36 (t, J = 7.0 Hz, 3 H), 4.30
(q, J = 7.0 Hz, 2 H), 6.34 (d, J = 16.1 Hz, 1 H), 7.14–7.22 (m, 3 H),
7.31–7.33 (m, 3 H), 7.45–7.50 (m, 2 H), 7.59–7.77 (m, 3 H), 8.44
(d, J = 7.5 Hz, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.3 (CH3), 60.8 (CH2), 109.7
(C), 123.2 (C), 123.7 (CH), 123.9 (2 × CH), 125.4 (CH), 126.0
(CH), 127.2 (CH), 127.9 (2 × CH), 128.4 (CH), 128.7 (2 × CH),
128.8 (C), 132.5 (C), 132.6 (CH), 133.6 (C), 138.6 (CH), 144.9 (C),
147.1 (C), 148.9 (C), 166.2 (C).
MS (CI): m/z (%) = 436 (base) [M + H]+, 435 (54).
HRMS (CI): m/z [M + H]+ calcd for C24H1935ClNO3S: 436.0774;




Prepared from 5d40 (0.150 g, 0.495 mmol) and oct-1-yne (6c) (88
μL, 0.59 mmol). The standard procedure was modified as follows:
the amount of PdCl2(PPh3)2 was 2 mol% and py (40 μL, 0.495
mmol) was used as an additive in the last step. The crude residue
was purified by flash chromatography on silica gel saturated with
Et3N (hexanes–Et3N, 98:2), to afford 9f (0.130 g, 68%) as a yellow
oil.
IR (film): 1716 (s), 1665 (s), 1636 (s) cm–1.
1H NMR (300.13 MHz, acetone-d6): δ = 0.92 (t, J = 6.9 Hz, 3 H),
0.99 (t, J = 7.3 Hz, 3 H), 1.32–1.56 (m, 11 H), 1.62–1.71 (m, 2 H),
1.72–1.82 (m, 2 H), 2.68 (t, J = 7.4 Hz, 2 H), 3.52 (t, J = 6.9 Hz, 2
H), 4.28 (q, J = 7.1 Hz, 2 H), 6.22 (d, J = 16.0 Hz, 1 H), 7.38–7.43
(m, 1 H), 7.46 (d, J = 7.8 Hz, 1 H), 7.56–7.61 (m, 1 H), 7.69 (d, J =
16.0 Hz, 1 H), 8.20 (dd, J = 7.9, 1.0 Hz, 1 H).
13C NMR (75.47 MHz, acetone-d6): δ = 14.3 (CH3), 14.6 (CH3),
21.4 (CH2), 23.2 (CH2), 28.1 (CH2), 29.3 (CH2), 31.8 (CH2), 32.3
(CH2), 33.8 (CH2), 46.3 (CH2), 61.0 (CH2), 109.5 (C), 123.7 (CH),
124.7 (C), 124.9 (CH), 127.5 (CH), 128.4 (CH), 132.5 (CH), 132.7
(C), 138.8 (CH), 148.0 (C), 156.9 (C), 166.5 (C).
MS (EI): m/z (%) = 383 (27) [M]+, 362 (36), 340 (30), 336 (37), 313
(24), 310 (79), 306 (28), 298 (base), 294 (32), 287 (59), 286 (37),
282 (21), 280 (39), 270 (37), 268 (38), 254 (25), 252 (76), 242 (18),
241 (21), 228 (18), 226 (20), 224 (46), 214 (43), 213 (26), 212 (61),
211 (35), 200 (26), 198 (35), 197 (23), 196 (57), 186 (32), 185 (54),
184 (73), 183 (46), 182 (53), 172 (25), 171 (24), 170 (37), 169 (26),
168 (22), 167 (22), 160 (24), 158 (34), 157 (20), 156 (37), 154 (27),
143 (20), 141 (22), 140 (53).




Prepared from 5e (0.100 g, 0.280 mmol) and phenylacetylene (6a)
(37 μL, 0.34 mmol). The crude residue was stirred for 24 h in hex-
ane (20 mL). The solvent was decanted and the solid residue was
dissolved in CH2Cl2 (5 mL) and eluted through a short column of
silica gel (35–70 μm, 2.5 × 6 cm) saturated with Et3N (CH2Cl2–
Et3N, 95:5). Finally, a soln of the residue in CH2Cl2 (10 mL) was
washed with NaOH (1 M, 5 mL) and H2O (5 mL), and dried
(Na2SO4) to afford, after evaporation of the solvent, 9g (95 mg,
79%) as a yellow solid.
Mp 185–187 °C.
IR (film): 1711 (s), 1636 (s), 1588 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 1.33 (t, J = 7.1 Hz, 3 H), 4.26
(q, J = 7.1 Hz, 2 H), 6.20 (d, J = 16.3 Hz, 1 H), 7.09 (t, J = 7.2 Hz,
1 H), 7.21 (d, J = 7.4 Hz, 2 H), 7.31 (d, J = 7.4 Hz, 2 H), 7.35–7.40
(m, 3 H), 7.45 (d, J = 7.9 Hz, 3 H), 7.60 (d, J = 16.3 Hz, 1 H), 7.66
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13C NMR (75.47 MHz, CDCl3): δ = 14.2 (CH3), 60.8 (CH2), 109.2
(C), 122.2 (C), 122.8 (2 × CH), 123.4 (CH), 124.1 (CH), 125.1
(CH), 128.3 (2 × CH), 128.7 (2 × CH), 128.8 (CH), 129.3 (2 × CH),
129.6 (CH), 130.1 (CH), 132.2 (C), 134.1 (C), 138.2 (CH), 139.0
(C), 145.6 (C), 147.5 (C), 153.3 (C), 166.1 (C).
MS (EI): m/z (%) = 431 (7) [37Cl, M]+, 429 (22) [35Cl, M]+, 357 (20),
105 (base), 77 (30).
HRMS (EI): m/z [M]+ calcd for C26H2035ClNO3: 429.1132; found:




Prepared from 5e (0.150 g, 0.419 mmol) and oct-1-yne (6c) (74 μL,
0.50 mmol). The crude residue was purified by flash chromatogra-
phy on silica gel saturated with Et3N (hexanes–EtOAc–Et3N, 98:1:1
to 97:2:1), to afford 9h (0.136 g, 74%) as a yellow oil.
IR (film): 1715 (s), 1657 (s), 1637 (s), 1590 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.84–0.88 (m, 3 H), 1.20–1.30
(m, 6 H), 1.37 (t, J = 7.1 Hz, 3 H), 1.47–1.54 (m, 2 H), 2.49 (t, J =
7.4 Hz, 2 H), 4.31 (q, J = 7.1 Hz, 2 H), 6.15 (d, J = 16.1 Hz, 1 H),
7.10–7.16 (m, 3 H), 7.32–7.41 (m, 4 H), 7.59 (d, J = 16.1 Hz, 1 H),
8.32 (d, J = 8.4 Hz, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.3
(CH2), 27.2 (CH2), 28.5 (CH2), 31.1 (CH2), 31.3 (CH2), 60.8 (CH2),
108.6 (C), 121.7 (C), 122.5 (2 × CH), 122.7 (CH), 123.8 (CH),
125.0 (CH), 128.1 (CH), 128.6 (2 × CH), 129.3 (CH), 134.3 (C),
137.3 (CH), 138.9 (C), 145.9 (C), 147.9 (C), 156.8 (C), 166.1 (C).
MS (EI): m/z (%) = 439 (22) [37Cl, M]+, 438 (17), 437 (69) [35Cl,
M]+, 433 (25), 377 (26), 367 (21), 365 (30), 364 (25), 350 (32), 308
(22), 294 (20), 282 (20), 280 (40), 266 (28), 257 (20), 254 (34), 253
(45), 252 (73), 251 (28), 218 (24), 217 (base), 216 (34).
HRMS (EI): m/z [M]+ calcd for C26H2835ClNO3: 437.1758; found:




Prepared from 5f8 (0.100 g, 0.261 mmol) and phenylacetylene (6a)
(34 μL, 0.31 mmol). The crude residue was purified by flash chro-
matography on silica gel saturated with Et3N (hexanes–EtOAc–
Et3N, 90:9:1), to afford 9i (64 mg, 54%) as a yellow solid.
Mp 171–173 °C.
IR (film): 1702 (s), 1647 (s), 1588 (s), 1512 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 1.30 (t, J = 7.0 Hz, 3 H), 3.98
(s, 3 H), 4.04 (s, 3 H), 4.25 (q, J = 7.0 Hz, 2 H), 6.24 (d, J = 16.4 Hz,
1 H), 7.06 (t, J = 6.9 Hz, 1 H), 7.12 (s, 1 H), 7.20–7.42 (m, 9 H),
7.67 (d, J = 16.4 Hz, 1 H), 7.91 (s, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 56.1 (CH3), 56.3
(CH3), 60.6 (CH2), 105.3 (CH), 108.8 (CH), 109.8 (C), 117.0 (C),
122.7 (2 × CH), 123.5 (CH), 124.3 (CH), 127.0 (C), 128.2
(2 × CH), 128.6 (2 × CH), 129.3 (2 × CH), 129.7 (CH), 132.6 (C),
139.4 (CH), 146.4 (C), 148.6 (C), 149.7 (C), 151.4 (C), 152.9 (C),
166.3 (C).
MS (EI): m/z (%) = 455 (32) [M]+, 287 (25), 105 (base).




Prepared from 5f8 (0.400 g, 1.04 mmol) and oct-1-yne (6c) (185 μL,
1.25 mmol). The crude residue was purified by flash chromatogra-
phy on silica gel saturated with Et3N (hexanes–EtOAc–Et3N,
89:10:1), to afford 9j (0.209 g, 47%) as a yellow solid.
Mp 87–89 °C.
IR (film): 1712 (s), 1635 (s), 1589 (s), 1517 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.83–0.88 (m, 3 H), 1.19–1.30
(m, 6 H), 1.35 (t, J = 7.1 Hz, 3 H), 1.46–1.53 (m, 2 H), 2.49 (t, J =
7.6 Hz, 2 H), 3.96 and 4.01 (2 s, 6 H), 4.29 (q, J = 7.3 Hz, 2 H), 6.15
(d, J = 16.0 Hz, 1 H), 6.85 (s, 1 H), 7.05–7.15 (m, 3 H), 7.30–7.35
(m, 2 H), 7.66 (d, J = 16.0 Hz, 1 H), 7.83 (s, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.4
(CH2), 27.4 (CH2), 28.6 (CH2), 31.0 (CH2), 31.4 (CH2), 56.2 (CH3),
56.3 (CH3), 60.8 (CH2), 104.7 (CH), 108.6 (CH), 109.3 (C), 116.3
(C), 122.6 (2 × CH), 123.3 (CH), 124.2 (CH), 127.4 (C), 128.6
(2 × CH), 138.4 (CH), 146.8 (C), 149.1 (C), 149.3 (C), 153.0 (C),
154.8 (C), 166.4 (C).
MS (EI): m/z (%) = 463 (84) [M]+, 390 (30), 351 (36), 306 (29), 304
(21), 279 (30), 278 (base), 263 (25), 262 (21), 247 (36).




Prepared from 5g (0.150 g, 0.413 mmol) and oct-1-yne (6c) (73 μL,
0.50 mmol). The crude residue was purified by flash chromatogra-
phy on silica gel saturated with Et3N (hexanes–EtOAc–Et3N,
90:9:1), to afford 9k (0.118 g, 64%) as a viscous oil.
IR (film): 1707 (s), 1661 (s), 1516 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.87–1.03 (m, 6 H), 1.32–1.48
(m, 11 H), 1.61–1.73 (m, 4 H), 2.58 (t, J = 6.7 Hz, 2 H), 3.48 (t, J =
6.9 Hz, 2 H), 3.91 and 3.94 (2 s, 6 H), 4.29 (q, J = 7.0 Hz, 2 H), 6.14
(d, J = 16.0 Hz, 1 H), 6.81 (s, 1 H), 7.63–7.69 (m, 2 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.1 (CH3), 14.3
(CH3), 20.9 (CH2), 22.5 (CH2), 27.5 (CH2), 28.8 (CH2), 31.3 (CH2),
31.5 (CH2), 33.0 (CH2), 46.0 (CH2), 56.1 (CH3), 56.2 (CH3), 60.7
(CH2), 104.8 (CH), 108.1 (CH), 108.5 (C), 117.0 (C), 123.4 (CH),
126.2 (C), 138.9 (CH), 148.9 (C), 149.3 (C), 152.1 (C), 155.1 (C),
166.6 (C).
MS (EI): m/z (%) = 443 (11) [M]+, 358 (24), 155 (base), 127 (26),
85 (22), 81 (20), 71 (32).




Prepared from 5h41 (0.100 g, 0.301 mmol) and oct-1-yne (6c) (76
μL, 0.51 mmol). The crude residue was purified by flash chroma-
tography on silica gel saturated with Et3N (hexanes–EtOAc–Et3N,
99.5:0:0.5 to 99:0.5:0.5), to afford 9l (72 mg, 52%) as a yellow sol-
id.
Mp 90–92 °C.
IR (film): 1715 (s), 1638 (s), 1589 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.86–0.90 (m, 3 H), 1.26–1.34
(m, 7 H), 1.40 (t, J = 7.1 Hz, 3 H), 1.57–1.67 (m, 2 H), 2.60 (t, J =
7.4 Hz, 2 H), 4.30 (q, J = 7.1 Hz, 2 H), 6.15 (d, J = 15.9 Hz, 1 H),
7.11 (t, J = 7.2 Hz, 1 H), 7.27 (d, J = 7.5 Hz, 2 H), 7.33–7.50 (m, 4
H), 7.91 (d, J = 7.8 Hz, 1 H), 7.98 (d, J = 15.9 Hz, 1 H), 8.06 (d, J =
7.8 Hz, 1 H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 14.3 (CH3), 22.4
(CH2), 27.9 (CH2), 28.7 (CH2), 30.6 (CH2), 31.4 (CH2), 60.9 (CH2),
110.0 (C), 123.2 (2 × CH), 123.3 (CH), 123.9 (CH), 124.9 (CH),
125.0 (CH), 125.3 (CH), 127.1 (CH), 127.4 (C), 128.6 (2 × CH),
135.0 (C), 135.3 (C), 139.0 (CH), 142.4 (C), 145.7 (C), 146.9 (C),
156.5 (C), 166.0 (C).
MS (CI): m/z (%) = 460 (base) [M + H]+, 459 (45).
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Ethyl (E)-3-[1-Oxo-3-phenyl-1H-isochromen-4-yl]acrylate (10)
To 9a (32 mg, 81 μmol) in EtOH (290 μL) at 0 °C was added HCl
(3 M, 280 μL) and the resulting suspension was stirred for 5 h at r.t.
The mixture was diluted with HCl (1 M, 3 mL) and extracted with
EtOAc (3 × 5 mL). The combined organic extracts were washed
with sat. aq NaHCO3 soln (3 mL) and brine (3 mL), and dried
(Na2SO4). The crude residue was purified by flash chromatography
on silica gel (hexanes–EtOAc, 95:5 to 91:9), to afford 10 (14 mg,
54%). The product was identified by comparison of its 1H NMR
spectrum with the corresponding reported data.35
(E)-3-[(Z)-6,7-Dimethoxy-3-phenyl-1-(phenylimino)-1H-iso-
chromen-4-yl]acrylic Acid (11a)
A mixture of 9i (36 mg, 79 μmol), LiOH·H2O (66 mg, 1.6 mmol)
and THF–H2O (1:1, 2 mL) was stirred at 50 °C for 4 h, cooled to r.t.
and then evaporated under reduced pressure. H2O (3 mL) was added
to the residue, which was extracted with EtOAc (3 × 5 mL). The aq
phase and remaining solid were cooled to 0 °C and 10% H2SO4 was
added until the liquid was acidic. The mixture was then extracted
with CH2Cl2 (3 × 10 mL), and the combined organic extracts
washed with H2O (5 mL) and dried (Na2SO4). Filtration and evapo-
ration afforded 11a (30 mg, 89%) as a yellow solid.
Mp 228–230 °C.
IR (film): 3011 (s), 1702 (s), 1651 (s), 1589 (s), 1513 (s) cm–1.
1H NMR (300.13 MHz, acetone-d6): δ = 4.02 (s, 6 H), 6.29 (d, J =
16.3 Hz, 1 H), 7.06 (t, J = 7.2 Hz, 1 H), 7.24–7.37 (m, 5 H), 7.45–
7.47 (m, 3 H), 7.57–7.60 (m, 2 H), 7.68 (d, J = 16.3 Hz, 1 H), 7.94
(s, 1 H).
13C NMR (75.47 MHz, acetone-d6): δ = 55.4 (CH3), 105.8 (CH),
108.6 (CH), 110.1 (C), 116.7 (C), 122.7 (2 × CH), 123.1 (CH),
125.0 (CH), 127.0 (C), 128.2 (2 × CH), 128.5 (2 × CH), 129.4
(2 × CH), 129.7 (CH), 133.0 (C), 138.9 (CH), 146.9 (C), 148.3 (C),
150.2 (C), 151.3 (C), 153.6 (C), 166.2 (C).
MS (EI): m/z (%) = 427 (13) [M]+, 383 (base), 314 (21), 306 (47),
167 (20), 149 (39), 137 (20), 111 (30), 110 (22), 105 (57).




The procedure described above for 11a was followed starting from
9j (40.5 mg, 0.087 mmol) to yield 11b (33.4 mg, 88%) as a yellow
solid.
Mp 168–170 °C.
IR (film): 2929 (s), 1694 (s), 1645 (s), 1589 (s), 1515 (s) cm–1.
1H NMR (300.13 MHz, CDCl3): δ = 0.84–0.88 (m, 3 H), 1.18–1.32
(m, 7 H), 1.48–1.55 (m, 2 H), 2.51 (t, J = 7.4 Hz, 2 H), 3.97 (s, 3 H),
4.01 (s, 3 H), 6.21 (d, J = 16.0 Hz, 1 H), 6.88 (s, 1 H), 7.07–7.15 (m,
3 H), 7.34 (t, J = 7.7 Hz, 2 H), 7.80 (d, J = 16.0 Hz, 1 H), 7.84 (s, 1
H).
13C NMR (75.47 MHz, CDCl3): δ = 14.0 (CH3), 22.4 (CH2), 27.4
(CH2), 28.6 (CH2), 31.1 (CH2), 31.4 (CH2), 56.1 (CH3), 56.3 (CH3),
104.6 (CH), 108.7 (CH), 109.1 (C), 116.4 (C), 122.6 (2 × CH),
123.4 (CH), 127.1 (C), 128.6 (2 × CH), 140.9 (CH), 146.6 (C),
149.0 (C), 149.4 (C), 153.0 (C), 155.7 (C), 170.8 (C).
MS (EI): m/z (%) = 435 (10) [M]+, 391 (23), 307 (21), 306 (base).
HRMS (EI): m/z [M]+ calcd for C26H29NO5: 435.2046; found:
435.2043.
Benzofurans 16 and Indoles 17; Typical Procedures
Method A
To a soln of 12 or 13 (0.230 mmol) in DMF (3 mL) was added
PdCl2(PPh3)2 (3.2 mg, 4.6 μmol), CuI (2.0 mg, 9.2 μmol), Et3N (96μL, 0.69 mmol) and 1-ethynyl-4-methylbenzene (14) (38 μL, 0.30
mmol), and the mixture was stirred at 25 °C for 2 h. After evapora-
tion of Et3N, alkene 15 (1.38 mmol) was added, air was allowed to
enter the system, and the mixture was stirred at the indicated tem-
perature (Table 2) for 20 h. H2O (10 mL) was added and the mixture
was extracted with EtOAc (3 × 10 mL). The combined organic lay-
ers were dried (Na2SO4) and the solvent was removed. The residue
was purified by column chromatography on silica gel (hexane–EtO-
Ac mixtures) to afford 16 or 17.
Method B
To a soln of 12 or 13 (0.114 mmol) in DMF (340 μL) was added
PdCl2(PPh3)2 (4.0 mg, 5.7 μmol), CuI (5.0 mg, 23 μmol), Ph3P (2.0
mg, 5.7 μmol), Et3N (320 μL, 0.228 mmol), 1-ethynyl-4-methyl-
benzene (14) (29 μL, 0.23 mmol) and alkene 15 (0.228 mmol), and
the mixture was stirred at 50 °C for 1.5 h. Air was allowed to enter
the system and the mixture was stirred for a further 3 h at 50 °C. The
work-up procedure described in method A above was then fol-
lowed. Products 16a,b and 17a,b were characterized by comparison
of their spectroscopic data with those previously reported for the
same compounds.31
Butyl (E)-3-(5-Methoxy-2-p-tolylbenzofuran-3-yl)acrylate (16c)
The procedure described above was followed starting from 12b (43
mg, 0.20 mmol) to yield 16c (58 mg, 80%) as a white solid.
IR (film): 2958 (w), 2933 (w), 2872 (w), 2832 (w), 1709 (s) cm–1.
1H NMR (400.16 MHz, CDCl3): δ = 0.99 (t, J = 7.4 Hz, 3 H), 1.42–
1.50 (m, 2 H), 1.73–1.89 (m, 2 H), 2.44 (s, 3 H), 3.91 (s, 3 H), 4.24
(t, J = 6.7 Hz, 2 H), 6.58 (d, J = 16.1 Hz, 1 H), 6.96 (dd, J = 8.9,
2.6 Hz, 1 H), 7.30 (d, J = 2.5 Hz, 1 H), 7.33 (d, J = 7.9 Hz, 2 H),
7.44 (d, J = 8.9 Hz, 1 H), 7.65 (d, J = 8.2 Hz, 2 H), 8.02 (d, J = 16.1
Hz, 1 H).
13C NMR (100.62 MHz, CDCl3): δ = 13.8 (CH3), 19.2 (CH2), 21.5
(CH3), 30.8 (CH2), 56.2 (CH3), 64.4 (CH2), 104.1 (CH), 111.9 (CH),
112.3 (C), 113.2 (CH), 118.5 (CH), 126.9 (C), 127.4 (C), 128.4
(2 × CH), 129.6 (2 × CH), 136.2 (CH), 140.0 (C), 149.4 (C), 156.6
(C), 158.7 (C), 167.5 (C).
MS (EI): m/z (%) = 364 (53) [M]+, 263 (100), 262 (33), 248 (36).
HRMS (EI): m/z [M]+ calcd for C23H24O4: 364.1675; found:
364.1670.
Benzofurans 19 and Indole 20; Typical Procedure
To a soln of 12 or 13 (0.114 mmol) in DMF (340 μL) was added
PdCl2(PPh3)2 (4.0 mg, 5.7 μmol), CuI (5.0 mg, 23 μmol), Ph3P (2.0
mg, 5.7 μmol), Et3N (32 μL, 0.23 mmol) and alkyne 2 or 18 (0.228
mmol), and the resulting mixture was stirred at 50 °C for 0.5 h (5 h
at 60 °C for 19d). Air was allowed to enter the system and the mix-
ture was stirred for a further 20 h at 50 °C (3 h at 60 °C for 19d).
The work-up procedure described above was then followed. Prod-
ucts 19 were characterized by comparison of their spectroscopic
data with those previously reported for the same compounds.8
Ethyl (E)-2-[2,3-Dihydro-1H-carbazol-4(9H)-ylidene]acetate 
(20)
The above procedure was followed starting from 13 (25 mg, 0.23
mmol) to yield 20 (33 mg, 56%) as a white solid.
Mp 160 °C.
IR (film) 3267 (s), 2979 (w), 2925 (w), 2860 (w), 1675 (s), 1591 (s)
cm–1.
1H NMR (400.16 MHz, acetone-d6): δ = 1.27 (t, J = 7.1 Hz, 3 H),
1.98 (q, J = 6.2 Hz, 2 H), 2.92 (t, J = 6.2 Hz, 2 H), 3.21–3.38 (m, 2
H), 4.14 (q, J = 7.1 Hz, 2 H), 6.30 (s, 1 H), 7.10–7.20 (m, 2 H), 7.34–
7.40 (m, 1 H), 7.93 (d, J = 8.0 Hz, 1 H), 10.62 (s, 1 H).
13C NMR (100.62 MHz, CDCl3): δ = 14.5 (CH3), 23.1 (CH2), 23.8
(CH2), 27.3 (CH2), 59.3 (CH2), 107.1 (CH), 111.0 (C), 120.5 (CH),
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MS (EI): m/z (%) = 255 (42) [M]+, 210 (46), 183 (74), 180 (45), 167
(22), 113 (24), 99 (30), 97 (23), 85 (82), 83 (24), 71 (30).
HRMS (EI): m/z [M]+ calcd for C16H17NO2: 255.1259; found:
255.1263.
Acknowledgment
We thank the Spanish Ministerio de Economía y Competitividad
(Grants CTQ2009-14186 and CTQ2012-37734, FEDER), AECID
(Grant A/025378/09), Universidad del País Vasco (fellowship to
Y.M.), and Universidade de Vigo (fellowship to J.G.D.) for finan-
cial support. We also thank SGIker UPV/EHU for technical support
(NMR facilities, HRMS and X-ray analyses).
Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synthesis.Suporting IformatinSuporting Iformatin
References
(1) These authors contributed equally.
(2) For recent reviews on multicomponent reactions, see: 
(a) Jiang, B.; Rajale, T.; Wever, W.; Tu, S.-J.; Li, G. Chem. 
Asian J. 2010, 5, 2318. (b) Ramachary, D. B.; Jain, S. Org. 
Biomol. Chem. 2011, 9, 1277. (c) Anderson, E. A. Org. 
Biomol. Chem. 2011, 9, 3997. (d) Clavier, H.; Pellissier, H. 
Adv. Synth. Catal. 2012, 354, 3347. (e) de Graaff, C.; 
Ruijter, E.; Orru, R. V. A. Chem. Soc. Rev. 2012, 41, 3969.
(3) Lu, B. Z.; Zhao, W.; Wei, H.-X.; Dufour, M.; Farina, V.; 
Senanayake, C. H. Org. Lett. 2006, 8, 3271.
(4) (a) Felpin, F.-X.; Coste, J.; Zakri, C.; Fouquet, E. Chem. 
Eur. J. 2009, 15, 7238. (b) Nassar-Hardy, L.; Fabre, S.; 
Amer, A. M.; Fouquet, E.; Felpin, F. X. Tetrahedron Lett. 
2012, 53, 338.
(5) Zhang, X. B.; Lu, Z.; Fu, C. L.; Ma, S. M. J. Org. Chem. 
2010, 75, 2589.
(6) Geoghegan, K.; Kelleher, S.; Evans, P. J. Org. Chem. 2011, 
76, 2187.
(7) Luo, Y.; Wu, J. Org. Lett. 2011, 13, 5858.
(8) Martínez, C.; Aurrecoechea, J. M.; Madich, Y.; Denis, J. G.; 
de Lera, Á. R.; Álvarez, R. Eur. J. Org. Chem. 2012, 99; 
addendum/correction: Eur. J. Org. Chem. 2012, 6291.
(9) Byers, P. M.; Rashid, J. I.; Mohamed, R. K.; Alabugin, I. V. 
Org. Lett. 2012, 14, 6032.
(10) (a) Markina, N. A.; Chen, Y.; Larock, R. C. Tetrahedron 
2013, 69, 2701. (b) For a seminal paper on the alternative 
annulation strategy involving o-iodoanilines and internal 
alkynes, see: Larock, R. C.; Yum, E. K.; Refvik, M. D. 
J. Org. Chem. 1998, 63, 7652.
(11) Cao, H.; McNamee, L.; Alper, H. Org. Lett. 2008, 10, 5281.
(12) Lamande-Langle, S.; Abarbri, M.; Thibonnet, J.; Duchene, 
A.; Parrain, J.-L. Chem. Commun. 2010, 46, 5157.
(13) Vlaar, T.; Ruijter, E.; Orru, R. V. A. Adv. Synth. Catal. 2011, 
353, 809.
(14) Pan, X.; Luo, Y.; Liu, G.; Pu, S.; Wu, J. Adv. Synth. Catal. 
2012, 354, 171.
(15) Platon, M.; Amardeil, R.; Djakovitch, L.; Hierso, J.-C. 
Chem. Soc. Rev. 2012, 41, 3929.
(16) Henry, N.; Thiery, E.; Petrignet, J.; Halouchi, H.; Thibonnet, 
J.; Abarbri, M. Eur. J. Org. Chem. 2012, 6212.
(17) Patil, N. T.; Shinde, V. S.; Gajula, B. Org. Biomol. Chem. 
2012, 10, 211.
(18) Zhu, S. G.; Wu, L. L.; Huang, X. RSC Adv. 2012, 2, 132.
(19) Ohno, H. Asian J. Org. Chem. 2013, 2, 18.
(20) Muller, T. J. J. Synthesis 2012, 44, 159.
(21) For recent reviews on metal-catalyzed oxidative couplings, 
see: (a) Beccalli, E. M.; Broggini, G.; Martinelli, M.; 
Sottocornola, S. Chem. Rev. 2007, 107, 5318. (b) Jensen, K. 
H.; Sigman, M. S. Org. Biomol. Chem. 2008, 6, 4083. 
(c) Gligorich, K. M.; Sigman, M. S. Chem. Commun. 2009, 
3854. (d) Karimi, B.; Behzadnia, H.; Elhamifar, D.; 
Akhavan, P. F.; Esfahani, F. K.; Zamani, A. Synthesis 2010, 
1399. (e) Liu, C.; Jin, L. Q.; Lei, A. W. Synlett 2010, 2527. 
(f) Le Bras, J.; Muzart, J. Chem. Rev. 2011, 111, 1170. 
(g) Yeung, C. S.; Dong, V. M. Chem. Rev. 2011, 111, 1215. 
(h) Shi, W.; Liu, C.; Lei, A. W. Chem. Soc. Rev. 2011, 40, 
2761. (i) Sigman, M. S.; Werner, E. W. Acc. Chem. Res. 
2012, 45, 874. (j) Wu, W.; Jiang, H. Acc. Chem. Res. 2012, 
45, 1736. (k) Shi, Z.; Zhang, C.; Tang, C.; Jiao, N. Chem. 
Soc. Rev. 2012, 41, 3381.
(22) Liu, G. N.; Zhou, Y.; Ye, D. J.; Zhang, D. Y.; Ding, X.; 
Jiang, H. L.; Liu, H. Adv. Synth. Catal. 2009, 351, 2605.
(23) Bianchi, G.; Chiarini, M.; Marinelli, F.; Rossi, L.; Arcadi, A. 
Adv. Synth. Catal. 2010, 352, 136.
(24) Bian, M.; Yao, W.; Ding, H.; Ma, C. J. Org. Chem. 2010, 75, 
269.
(25) Mitra, T.; Dutta, S.; Basak, A. Tetrahedron Lett. 2010, 51, 
2828.
(26) Yan, Z. Y.; Tan, C. M.; Wang, X.; Li, F.; Gao, G. L.; Chen, 
X. M.; Wu, W. S.; Wang, J. J. Synlett 2011, 1863.
(27) Yao, B.; Jaccoud, C.; Wang, Q.; Zhu, J. Chem. Eur. J. 2012, 
18, 5864.
(28) Schlemmer, C.; Andernach, L.; Schollmeyer, D.; Straub, B. 
F.; Opatz, T. J. Org. Chem. 2012, 77, 10118.
(29) Mehta, S.; Yao, T.; Larock, R. C. J. Org. Chem. 2012, 77, 
10938.
(30) Bert, K.; Noel, T.; Kimpe, W.; Goeman, J. L.; Van der 
Eycken, J. Org. Biomol. Chem. 2012, 10, 8539.
(31) Álvarez, R.; Martínez, C.; Madich, Y.; Denis, J. G.; 
Aurrecoechea, J. M.; de Lera, Á. R. Chem. Eur. J. 2010, 16, 
12746; addendum/correction: Chem. Eur. J. 2012, 18, 
13894.
(32) For the same trend in iodocyclization reactions, see refs. 28 
and 29.
(33) For a copper(II)-promoted 5-exo-cyclization of 2-
alkynylbenzamide derivatives, where copper is thought to 
act as both the cyclization promoter and oxidant, see: 
Jithunsa, M.; Ueda, M.; Miyata, O. Org. Lett. 2011, 13, 518.
(34) Copper-catalyzed heterocyclization–Heck reactions have 
been reported, see: Liwosz, T. W.; Chemler, S. R. J. Am. 
Chem. Soc. 2012, 134, 2020.
(35) Yao, T.; Larock, R. C. J. Org. Chem. 2003, 68, 5936.
(36) Lactones related to 10 have been prepared by 
oxycyclization–oxidative Heck cascades from 2-alkynyl-
benzoate esters, see: Zhao, P.; Chen, D.; Song, G.; Han, K.; 
Li, X. J. Org. Chem. 2012, 77, 1579.
(37) Beaume, A.; Courillon, C.; Derat, E.; Malacria, M. Chem. 
Eur. J. 2008, 14, 1238.
(38) Goswami, S.; Adak, A. K.; Mukherjee, R.; Jana, S.; Dey, S.; 
Gallagher, J. F. Tetrahedron 2005, 61, 4289.
(39) Khan, M. W.; Reza, A. F. G. M. Tetrahedron 2005, 61, 
11204.
(40) Cherry, K.; Duchene, A.; Thibonnet, J.; Parrain, J.-L.; 
Abarbri, M. Synthesis 2005, 2349.
(41) Ferraccioli, R.; Carenzi, D.; Motti, E.; Catellani, M. J. Am. 














































ARTICLE TYPE www.rsc.org/xxxxxx  |  XXXXXXXX 
This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  1 
Synthesis of 7-Alkylidene-7,12-dihydroindolo[3,2-d]benzazepine-6-(5H)-
ones (7-Alkylidene-Paullones) by N-cyclization-Oxidative Heck Cascade 
and Characterization as Sirtuin Modulators† 
J. G. Denis,a G. Franci,b L. Altucci,b J. M. Aurrecoechea,c Á. R. de Lera,*,a and R. Álvarez*,a 
 Xth XXXXXXXXX 200X 5 Received (in XXX, XXX) Xth XXXXXXXXX 200X, Accepted
First published on the web Xth XXXXXXXXX 200X 
DOI: 10.1039/C4OB02493A
An extension of our reported protocol to benzofused heterocyclic 
derivatives (benzofurans, indoles, isochromeneimines), involving a 
palladium-induced cascade of N-cyclization and oxidative Heck 10 
reactions of o-alkynylanilines, has allowed the preparation of 
indolobenzazepinones (paullones) with an alkylidene group at C7 in 
just 3-4 steps from ortho-iodoanilines. Some of these compounds 
behave as Sirt1 activators in biochemical assays. 
Introduction 15 
Compounds with the 7,12-dihydroindolo[3,2-d]benzazepine-
6(5H)-one scaffold represented by 1a, collectively known as 
paullones, are endowed with a broad range of biological 
activities. They have been characterized as inhibitors of several 20 
kinases,1 and of mitochondrial malate dehydrogenase (mMDH).2
Some of the members of the group, in particular the C9-Br 
derivative (kenpaullone, 1b) and analogues 2 and 3 have been 
reported to also target the NAD+-dependent class of histone 
deacetylases (sirtuins, Sirt).3 In addition, kenpaullone 1b has been 25 
established as a chemical probe in stem-cell research.4 
Cytotoxic,5 antiproliferative,6 and pro-apoptotic1b,7 effects of 
paullones have been noted in human cancer cell lines, rendering 
these compounds as promising antitumor agents.8 Additionally, 
paullones have been considered as therapeutic agents for 30 
trypanosomiasis and leishmaniasis,9 and selected members of the 
family (cazpaullone 1c and  alsterpaullone 1d)10 for the treatment 
of diabetes since they suppress cytokine induced β-cell 
apoptosis.11  
These promising biological activities have raised the interest in 35 
these compounds and have stimulated the development of 
synthetic methodologies to prepare analogues retaining the basic 
7,12-dihydroindolo[3,2-d]benzazepine-6(5H)-one scaffold. In 
addition to the classical construction of the fused 1H-indole 
moiety by Fischer indolization reactions,1b,2,6,9b a variety of other 40 
methods have been reported, among them the free radical 
cyclisation of indolyl iodoacetamide derivatives,12 and the 
photocyclization of 2-(2-chloro-1H-indol-3-yl)-N-
arylacetamides.13 Transition-metal mediated processes have 
likewise provided solutions for some of the steps in the 45 
construction of the basic paullone skeleton. Notable among them 
are the intramolecular Heck reaction,14 an oxidative coupling 
after rhodium(III)-catalyzed C-H functionalization of acetamides 
with alkynes,15 the Pd-promoted borylation/Suzuki coupling and 
lactam formation,16 the Cu(I)-catalyzed borylative cyclization of 50 
2-alkenylphenyl isocyanides,17 the free radical formation of 
stannylindoles from o-alkenyl arylisonitriles and subsequent 
Stille cross-coupling with N-Boc-o-iodoanilines,18 the combined 
Heck and Stille reactions,19 and the one-pot Suzuki–Miyaura 
cross-coupling of an o-aminoarylboronic acid and methyl 2-55 
iodoindoleacetate followed by intramolecular amide formation 







1a, X = H, Y = CH, Paullone
1b, X = Br, Y = CH, Kenpaullone
1c, X = CN, Y = N, Cazpaullone





















Figure 1. Biologically-relevant 7,12-dihydroindolo[3,2-d]benzazepine-
6(5H)-ones (paullones).  60 
We have developed a new synthetic methodology that 
streamlines the preparation of benzofurans,21 indoles22,21c and 
other heterocyclic derivatives21b-c,22,23 starting from the 
corresponding o-iodoaryl precursors. This sequential process 65 
combined a Pd-catalyzed Sonogashira cross-coupling and a 
nucleopalladation-Heck oxidative reaction (Scheme 1). 
Moreover, the protocol was also performed as a "one-pot" 
process where the Sonogashira and oxidative steps were 
combined in a three-component Sonogashira-70 
heterocyclization-Heck-coupling cascade.21c 
Scheme 1. Our synthetic approach to benzofurans and indoles, including 
the intramolecular version. 
75 
We envisioned that the intramolecular variant of this synthetic 
procedure21b,c could be extended to the preparation of 
additional paullone analogues featuring an exocyclic olefin at 
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the C7 position (general structure 4, Scheme 2) of the 
benzazepine-6(5H)-one ring, a modification that has no 
precedents to the best of our knowledge. To integrate this 
substitution pattern into the structures shown in Figure 1, a 
precursor 5 containing an alkyne substituted with aryl rings 5 
that bear an o-amino and an o'-acylamino groups were 
required. Two consecutive Sonogashira reactions via 7 would 
trace back the cyclising substrate 5 to simple, and in most 
cases commercial, o-haloanilines 6 (Scheme 2; for the 


























Scheme 2. Retrosynthetic analysis of C7-alkylidenepaullones using a Pd-
catalyzed N-cyclization-intramolecular oxidative Heck cascade reaction.  
Results and discussion 15 
After surveying all synthetic variants for the preparation of 
the N-differentiated o,o'-bisaniline-ethyne substrates 5 (see 
Supplementary Information, S. I.) we selected the order of 
steps shown in Scheme 3 comprising first the acylation of an 20 
o-alkynyl aniline and then the Sonogashira reaction with an 
appropiate o-iodoaniline. The condensation of 2-
ethynylaniline 8 with acryloyl chloride,24 was followed by the 
Sonogashira reaction21,22 of product 7a with commercial o-
iodoaniline 6a to afford in quantitative yield the 25 
corresponding internal alkyne 5aa. Excellent yields were 
obtained in all steps of the synthetic route. The same sequence 
was used for the preparation of the remaining substrates 5 as 













7a, Z = H
7b, Z = CO2Et
8
a or b f
6a, X = H, R = H
6b, X = H,  R = CO2Et  
6c, X = Br,  R = H
6d, X = Br, R = CO2Et






Scheme 3. Reaction conditions: a) Acryloyl chloride, Et3N, CH2Cl2, 25 
ºC (7a, 87%) b) Ethyl (E)-4-chloro-4-oxobut-2-enoate, Py, Et2O, 25 ºC 
(7b, 99%). c) ClCO2Et, K2CO3, acetone, 25 ºC (6b, 99%). d) ClC(O)OEt, 
Py, ether, 0-10 ºC (6d, 91%). e) (Boc)2O, THF, reflux (6e, 97%). f) 
PdCl2(PPh3)2, CuI, Et3N, THF or DMF, 60 ºC (5aa, 98%; 5ab, 99%; 5ac, 35 
99%; 5ae, 92%; 5ba, 76%; 5bb, 92%; 5bd, 90%; 5be, 99%). See Table 1 
for the structure of compounds 5. 
Acrylamide 5aa was treated with 5 mol% PdCl2(PPh3)2, 0.5 
equivalents of KI and 1 equivalent of maleic anhydride (MA) 40 
in DMF under air, conditions previously developed for 
nucleopalladation-intramolecular Heck reactions.21b,c When 
these conditions were applied at 80 ºC, only the 3H-indole 
product 9aa could be isolated albeit in low yield (18%, Table 
1, entry 1). Raising the temperature to 100 ºC the desired 45 
product 4aa was obtained in only 14% yield after heating for 
24 h (entry 2), being the 3H-indole product 9aa the major 
component (48%). Shortening the reaction time to 3 h 
increased the yield of 4aa to 40% (entry 3), indicating that 
under the conditions of entry 2, with prolonged heating at 50 
high temperature, product degradation was taking place. The 
substrate with a bromine atom located at the aniline para 
position (compound 5ac) showed somewhat higher reactivity, 
and the Pd-catalyzed cascade could be run at 80 °C, to yield 
4ac and 9ac in a ca. 50:50 ratio (entry 4). Not surprisingly, a 55 
temperature increase (entry 5) resulted in a lower yield of 4ac, 
again probably due to product degradation. 
In the expected cascade reaction mechanism shown in Figure 
2, the initial coordination of the o-alkynylaniline to Pd(II) 
triggers nucleopalladation to afford the indole ring and then 60 
insertion of the heterocyclic C3-σ-Pd(II) complex into the 
pendant alkene leads to the olefin product, after β-hydride 
elimination. The resulting palladium hydride undergoes loss 
of HCl with formation of Pd(0), which is finally oxidized to 
regenerate the Pd(II) species that starts the cycle.21,22  The 3H-65 
indole products 9 are considered to originate from a σ-
indolyl-palladium intermediate (II or V) that undergoes 
protonation to VI (Figure 2). 



























































Figure 2. Mechanistic proposal for the Pd-catalyzed N-cyclization-70 
oxidative Heck cascade to alkylidenepaullones (Z= H or EWG; L= PPh3; 
Y= NH or NCO2R). 
Control experiments revealed that the 3H-indole product 9aa 
did not undergo C-H activation to enter the catalytic cycle at 75 
the level of intermediate II (Figure 2) under the reaction 
conditions. Therefore, it seems reasonable to assume that the 






























This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 
product ratio results from a balance between the rates of 
carbopalladation with the pendant olefin and protonation of 
the σ-indolyl intermediate.25 As a result, we tried to modulate 
the reactivity of the system through the addition of base and 
the modification of the electronic nature of the olefin and 5 
aniline functionalization implicated in the cascade bond 
formation reactions. 
The presence of K2CO3 was shown to have a beneficial effect 
(entries 6-9). Thus, the use of 0.5 mol equivalents induced the 
total consumption of the reactant and afforded a 76:24 ratio of 10 
the benzazepinone to 3H-indol (4aa/9aa) mixture in 85% 
overall yield (entry 7). Larger amounts of K2CO3 proved to be 
detrimental (entry 8) whereas smaller quantities (entry 6) 
afforded an almost equal ratio the reaction products in lower 
yields. The change to NaOAc had no effect (entry 7 vs entry 15 
9). 
The introduction of carbonyl substituents at R and/or Z was 
examined next. Fumarate-derived substrate 5ba led only to the 
3H-indole derivative 9ba in 70% yield (entry 10) under the 
standard conditions. 20 
Table 1. Nucleopalladation-oxidative Heck cascade for the synthesis of alkylidenepaullones.a
Reaction conditions Yield (%) 
entry, substrate X R Z T (ºC) t (h) K2CO3
b 4 9 5 
1, 5aa H H H 80 24 -- -- 18 (9aa) -- 
2, 5aa  H H H 100 24 -- 14 (4aa) 48 (9aa) -- 
3, 5aa H H H 100 3 -- 40(4aa) 37 (9aa) -- 
4, 5ac Br H H 80 22 -- 50 (4ac) 50 (9ac) -- 
5, 5ac Br H H 100 22 -- 25 (4ac) 50 (9ac) -- 
6, 5aa H H H 100 3.5 0.25 28 (9aa) 28 (5aa) 
7, 5aa H H H 100 3.5 0.50 65 (4aa) 20 (9aa) -- 
8, 5aa H H H 100 3.5 1.00 22 (4aa) <5 (9aa) -- 
9, 5aa H H H 100 3.5 0.50c 34 (4aa) 30 (9aa) -- 
10, 5bad H H CO2Et 100 24 -- -- 70 (9ba) -- 
11, 5ab H CO2Et H 80 24 -- -- -- 100 (5ab) 
12, 5ab H CO2Et H 100 24 -- 52 (4ab) -- -- 
13, 5bb H CO2Et CO2Et 100 24 -- 65 (4bb) -- -- 
14, 5bb H CO2Et CO2Et 120 24 -- 80 (4bb) + 20 (4ba) -- -- 
15, 5bd Br CO2Et CO2Et 120 20 -- 60
e (4bd) -- -- 
16, 5ae H CO2t-Bu H 120 20 -- 25
 (4ae) + 29 (4aa) -- -- 
17, 5be H CO2t-Bu CO2Et 120 20 -- 22
 (4be) + 78 (4ba) -- -- 
aStandard conditions: 5 mol% PdCl2(PPh3)2, 0.5 equiv KI, 1 equiv MA under air in DMF. 
bEquivalents of K2CO3 used. 
 cNaOAc was used 
as base. d Using 0.5 equiv of K2CO3, at 120 ºC, the conjugate addition product was obtained (42%, see S.I.). 
eTraces of deprotected product 25 
were observed by 1H-NMR. 
However, starting from the N-ethylcarbamate 5ab the cascade 
product 4ab was isolated in 52% yield under the same reaction 
conditions (entry 12) and, furthermore, the similar reactions of 30 
the carbamate-fumarate substrates 5bb and 5bd also afforded the 
desired alkylidenepaullones in good yields (entries 13-15). It is 
apparent that reducing the electron density at the palladium-
substituted indole C3 position slows down protiodemetallation. 
As additional benefit, carbamates were expected to exhibit greater 35 
solubility thus facilitating the handling of the final product. 
We also noticed that the indole carbamate underwent partial 
deprotection under the thermal conditions required for the Pd-
catalyzed cascade reaction (see entries 14 and 15). Since tert-
butylcarbamates are known to deprotect by thermal 40 
fragmentation reaction,26 it was thought that they could 
directly provide the deprotected indolobenzazepine-6-one. 
However, this expectation was only partially realized, as the 
deprotection of the N-Boc-o,o'-bisaniline-ethynes 5ae and 5be 
(obtained from previously described27 6e) to 4ae and 4be was 45 
incomplete after heating to 120 ºC (4ae, 25%; 4aa, 29%; 4ae, 
22%; 4ba, 78%, Table 1, entries 16 and 17). Nevertheless, the 
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use of tert-butylcarbamate 5be allowed the isolation of 4ba (a 
product that could not be obtained from fumarate 5ba) in 
useful yield (78%). 
The structures of indolobenzazepinones 4ab and 4bb were 
confirmed by X-Ray analysis (see S.I.), which also 5 
corroborated the geometry of the exocyclic olefin, as 
anticipated from the stereospecific syn-β-elimination of 
PdL2XH from intermediate III depicted on Figure 2. As a 
result, it is confirmed that the products of this highly regio-, 
stereo- and chemoselective reaction indeed correspond to a 7-10 
exo intramolecular Heck-type cyclization process, whereas the 
indolobenzazezinone products (originating from the 
alternative 8-endo cyclization manifold28,29), which have been 
observed in other substrates,30 were not detected. 
Furthermore, the only products that were isolated originated 15 
from the manifold where the N further removed from the 
pendant alkenyl chain participated in the starting 
nucleopalladation step.  
Biological evaluation 20 
To explore the antitumor activities of the alkylidenepaullones, we 
first assessed their effects on cell cycle progression and cell death 
using the U937 leukaemia cell line (Figure 3). As shown in 
Figure 3A, the effect on cell cycle of these compounds was not 
significant relative to the control, the Zn2+-dependent histone 25 
deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) 
used at 5 µM. However, some compounds were able to induce 
cell death at the dose of 50 µM (Figure 3B).  
30 
Figure 3. Effects of alkylidenepaullones on cell cycle (A) and apoptosis 
(B) after treatment of U937 leukemia cells with the indicated compounds 
at 50 µM for 30 h. DMSO (0.1%) was used as vehicle control and SAHA 
(SA) as reference compound at 5 µM. 
35 
As second analysis, we checked by Western blot the activity of 
the alkylidenepaullones on a recombinant Sirt1 enzyme.20 Using 
a Sirt1 assay in conditions that detect both activation and 
inhibition, compounds 4aa and 4ac were found to display an 
apparent activating effect at 50 µM (compound STAC used as 40 
reference31 displayed activation in the same settings at the lower 
dose of 10 µM). On the other hand, compounds 4ba, 4bb, 4bd 
and 4ae displayed a low inhibitory effect under the same 
conditions (Figure 4A). When compound 4ac was tested in 
MCF7 cells for its ability to activate Sirt1 activity by causing 45 
deacetylation of p53 on K382 (a target of sirtuins32,33) after 30 h 
of treatment (Figure 4B), a dose-dependent effect was noted, 
suggesting that the effective dose to obtain Sirt1 activation, in the 
cellular settings, is higher.  
50 
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Figure 4. Sirt1 activity assay. (A) The indicated compounds were tested 
at 50 µM. DMSO (0.1%) was used as vehicle control. EX527 and STAC 
at 5 and 10 µM, respectively, were used as reference compounds. (B) 
Western blot analysis of p53K382 acetylation levels in MCF7 cells upon 5 
increasing concentrations of 4ac for 30 h. DMSO (0.1%) and STAC (50 




In conclusion, the Pd-catalyzed N-cyclization of o-
alkynylanilines, combined with an intramolecular oxidative Heck 
reaction in a cascade process, allows the regioselective 
construction of the core indole and benzazepinone heterocycles of 
the polycyclic alkylidenepaullones. The scope of this 15 
methodology might be broadened with its application to other 
heterocyclic analogs (X = O, S in Scheme 1). Some of these 
compounds appear to activate Sirt1 in biochemical assays, and 
although at present the concentration required for their activity is 
higher than those of existing compounds, they represent a useful 20 
starting point for further additional structural studies aimed to 
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Experimental Section 
Ethyl (2-Iodophenyl)carbamate 6b.34 2-Iodoaniline 6a (1.2 g, 50 
5.478 mmol), ethylchloroformate (2.37 g, 21.916 mmol) and 
K2CO3 (4.54 g, 32.873 mmol) were stirred in 20 mL of 
acetone at room temperature for 18 h. The solution was 
diluted with H2O. The organic phase was separated, and the 
aqueous phase was extracted with Et2O (3x). The organic 55 
layers were washed with brine and dried (Na2SO4) and the 
solvent was evaporated. The residue was purified by column 
chromatography (silica gel, 70:30 hexane/EtOAc) to afford 
1.57 g (99%) of the titled compound as a white solid. 1H-
NMR (400.16 MHz, CDCl3) δ 8.06 (d, J = 8.1 Hz, 1H), 7.75 60 
(dd, J = 7.9, 1.2 Hz, 1H), 7.33 (t, J = 7.8 Hz, 1H), 6.94 (s, 
1H), 6.80 (t, J = 7.6 Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 1.34 (t, 
J = 7.1 Hz, 3H) ppm.13C-NMR (100.62 MHz, CDCl3) δ 153.6, 
138.9, 138.6, 129.4, 125.1, 120.4, 88.9, 61.7, 14.6. ppm. 
 65 
tert-Butyl (2-Iodophenyl)carbamate 6e.30 A solution of 2-
iodoaniline 6a (500 mg, 2.283 mmol) and (Boc)2O (797.2 mg, 
3.653 mmol) in THF (4 mL) was refluxed for 4 days. Then 
H2O was added and the mixture was extracted with AcOEt 
(3x) and the combined organic layers were dried (Na2SO4) 70 
and the solvent was evaporated. The residue was purified by 
flash chromatography (silica gel, 90:10 hexane/EtOAc) to 
afford 0.705 g (97%) of 6e as white crystals. 1H-NMR (400.16 
MHz, CDCl3) δ 8.05 (d, J = 8.2 Hz, 1H), 7.74 (dd, J = 7.9, 1.4 
Hz, 1H), 7.31 (t, J = 7.8 Hz, 1H), 6.82 (s, 1H), 6.76 (ddd, J = 75 
8.8, 7.6, 1.5 Hz, 1H), 1.54 (s, 9H) ppm.13C-NMR (100.62 
MHz, CDCl3) δ 152.7, 138.9, 138.9, 129.3, 124.8, 120.3, 88.9, 
81.2, 28.4 ppm. 
 
Ethyl (4-bromo-2-iodophenyl)-carbamate 6d. Ethyl 80 
chloroformate (115 µL, 1.217 mmol) was added to a solution 
of commercial 4-bromo-2-iodoaniline 6c (250 mg, 0.839 
mmol) in pyridine (1.13 mL) at 0-10 ºC and the mixture was 
stirred for 3 h. The pyridine was evaporated and the residue 
was diluted with H2O and extracted with Et2O (3x). The 85 
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combined organic layers were washed with a 3M aqueous 
solution of HCl and a saturated aqueous solution of NaHCO3 
and dried (Na2SO4) and the solvent was evaporated. The 
residue was purified by column chromatography (silica gel, 
95:5 hexane/EtOAc) to afford 282.1 mg (91%) of the title 5 
compound as a white solid m.p.: 105-106 ºC (CH2Cl2); 
1H-
NMR (400.16 MHz, CDCl3) δ 7.97 (d, J = 8.6 Hz, 1H, H6), 
7.87 (d, J = 2.3 Hz, 1H, H3), 7.44 (dd, J = 8.8, 2.3 Hz, 1H, 
H5), 6.91 (s, 1H, NH), 4.24 (q, J = 7.0 Hz, 2H, CH2-CH3), 
1.34 (t, J = 7.0 Hz, 3H, CH2-CH3) ppm.
13C-NMR (100.62 10 
MHz, CDCl3) δ 153.3, 140.6, 137.9, 132.2, 121.0, 116.3, 88.7, 
61.9, 14.6 ppm. MS (EI): m/z (%) 370 (M+, 81Br, 37), 368 
(M+, 79Br, 36), 324 (94), 322 (100), 298 (33), 296 (35), 215 
(85), 213 (71), 170 (31), 169 (65), 167 (46), 63 (29). HMRS 
(EI): Calcd. for C9H9
81BrINO2 370.8841; found, 370.8845. 15 
Calcd. for C9H9
79BrINO2 368.8861; found, 368.8865. IR 
(neat): υ 3293 (w, N-H), 2980 (w, C-H), 2929 (w, C-H), 1730 
(s, C=O) cm-1. 
 
N-(2-Ethynylphenyl)-acrylamide 7a. Acryloyl chloride (79 20 
µL, 0.971 mmol) was added to a solution of 2-ethynylaniline 
8 (0.13 g, 0.883 mmol) in CH2Cl2 (8.8 mL) and Et3N (0.14 
mL) at 0 ºC. After stirring for 30 min at 25 ºC, an aqueous 
saturated solution of NH4Cl was added and the mixture was 
extracted with Et2O (3x). The combined organic combined 25 
layers were dried (NaSO4) and the solvent was evaporated. 
The residue was purified by column chromatography (silica 
gel, 90:10 hexane/EtOAc) to afford 144 mg (87%) of the titled 
compound as a white solid. m.p.: 91-92 ºC (CH2Cl2).
1H-NMR 
(400.16 MHz, CDCl3): δ 8.46 (d, J = 8.4 Hz, 1H, ArH), 8.11 30 
(s, 1H, NH), 7.42 (dd, J = 7.7, 1.6 Hz, 1H, ArH), 7.39 – 7.28 
(m, 1H, ArH), 7.01 (td, J = 7.6, 1.2 Hz, 1H, ArH), 6.40 (dd, J 
= 16.9, 1.4 Hz, 1H, H2), 6.28 (dd, J = 16.9, 10.0 Hz, 1H, 
H3trans), 5.74 (dd, J = 10.0, 1.4 Hz, 1H, H3cis), 3.55 (s, 1H). 
13C-NMR (100.62 MHz, CDCl3) δ 163.3, 139.2, 132.1, 131.2, 35 
130.0, 127.8, 123.4, 119.5, 111.0, 84.7, 79.0 ppm. MS (EI): 
m/z (%) 171 (M+, 46), 143 (11), 117 (100), 90 (19), 89 (21). 
HMRS (EI): Calcd. for C11H9NO 171.0684; found, 171.0689. 
IR (neat): υ 3379 (s, N-H), 3255 (s, Csp-H), 3209 (s, Csp2-H), 
2195 (w, C≡C), 1665 (s, C=O) cm-1. 40 
 
Ethyl (E)-4-(2-Ethynylphenylamino)-4-oxobut-2-enoate 7b. 
To a solution of 8 (0.25g, 1.552 mmol) in Et2O (7.75 mL) was 
added pyridine (139 µL, 1.707 mmol). After cooling down to - 
78 ºC, a solution of ethyl (E)-4-chloro-4-oxobut-2-enoate 45 
(0.25 g, 1.552 mmol) in Et2O (2.35 mL) was added dropwise. 
The resulting suspension was warmed to 25 ºC for 1 h and 
then partitioned between EtOAc (50 mL) and brine (50 mL). 
The layers were separated and the aqueous layers was 
extracted with EtOAc (3 x) and the combined organic layers 50 
were washed with a 5% aqueous HCl solution (100 mL) and 
brine (100 mL) and dried (Na2SO4) and the solvent was 
evaporated. The residue was purified by flash chromatography 
(silica gel, 90:10 hexane/EtOAc) to afford 0.38 g (99%) of the 
title compound as white crystals. m.p.: 139 ºC (Et2O). 
1H-55 
NMR (400.16 MHz, CDCl3) δ 8.51 (d, J = 8.4 Hz, 1H, ArH), 
8.19 (s, 1H, NH), 7.49 (dd, J = 7.8, 1.5 Hz, 1H, ArH), 7.40 
(td, J = 8.0, 1.6 Hz, 1H, ArH), 7.10 (td, J = 7.6, 1.1 Hz, 1H, 
ArH), 7.07 (d, J = 15.3 Hz, 1H), 6.96 (d, J = 15.3 Hz, 1H), 
4.29 (q, J = 7.1 Hz, 2H, CH2-CH3), 3.58 (s, 1H), 1.35 (t, J = 60 
7.1 Hz, 3H, CH2-CH3) ppm. 
13C-NMR (100.62 MHz, CDCl3) 
δ 165.4, 161.5, 139.0, 136.4, 132.4, 131.9, 130.4, 124.3, 
119.7, 111.2, 85.3, 79.0, 61.5, 14.2 ppm. MS (EI): m/z (%) 
243 (M+, 52), 198 (13), 170 (43), 127 (23), 117 (100), 116 
(17), 99 (19), 89 (20). HMRS (EI): Calcd. for C14H13NO3 65 
243.0895; found, 243.0893. IR (neat):  υ 3289 (w, N-H), 3247 
(s, ≡C-H), 1712 (s, C=O), 1641 (s, C=O) cm-1. 
 
N-[2-(2-Aminophen-1-ylethynyl)-phenyl]acrylamide 5aa. 
General procedure for the Sonogashira reaction. To a solution 70 
of 2-iodoaniline 6a (0.025 g, 1.141 mmol) in THF (12 mL) 
were added PdCl2(PPh3)2 (0.016 g, 0.022 mmol), CuI (0.008 
g, 0.045 mmol), Et3N (2.96 mL) and N-(2-ethynylphenyl)-
acrylamide 7a (0.293 g, 1.712 mmol), and the reaction 
mixture was stirred at 25 ºC for 4 h. The mixture was poured 75 
into H2O and then extracted with EtOAc (3x). The combined 
organic layers were dried (Na2SO4), and the solvent was 
evaporated. The residue was purified by column 
chromatography (silica gel, 80:20 hexane/EtOAc) to afford 
the title compound (292.5 mg, 98%) as a yellowish-brown 80 
solid. m.p.: 94-95 ºC (CH2Cl2). 
1H-NMR (400.16 MHz, 
CDCl3) δ 8.49 (d, J = 6.7 Hz, 1H, ArH), 8.23 (s, 1H, NH), 
7.49 (d, J = 7.7 Hz, 1H, ArH), 7.43 – 7.28 (m, 2H, ArH), 7.19 
(t, J = 7.8 Hz, 1H, ArH), 7.09 (t, J = 7.6 Hz, 1H, ArH), 6.85-
6.70 (m, 2H, ArH), 6.44 (dd, J = 17.0, 1.6 Hz, 1H, H3trans), 85 
6.31 (dd, J = 16.9, 10.1 Hz, 1H, H2), 5.76 (dd, J = 10.2, 1.6 
Hz, 1H H3cis), 4.32 (s, 2H, NH2) ppm. 
13C-NMR (100.62 
MHz, CDCl3) δ 163.5, 148.0, 138.5, 132.0, 131.5, 131.4, 
130.5, 129.7, 127.9, 123.8, 119.7, 118.3, 114.8, 112.6, 107.1, 
93.4, 89.5 ppm. MS (EI): m/z (%) 262 (M+, 5), 244 (64), 243 90 
(100), 242 (27), 204 (11). HMRS (EI): Calcd. for C17H14N2O, 
262.1106; found, 262.1097. IR (neat): υ 3436 (s, N-H), 3380-




acrylamide 5ab. Following the general procedure for the 
Sonogashira reaction, the reaction of ethyl (4-bromo-2-
iodophenyl)-formiate 6b (100 mg, 0.343 mmol), N-(2-
ethynylphenyl)-acrylamide 7a (88 mg, 0.515 mmol), 100 
PdCl2(PPh3)2 (0.005 g, 0.007 mmol), CuI (0.003 g, 0.014 
mmol) and Et3N (0.89 mL) in THF (3.6 mL) afforded, after 
purification by column chromatography (silica gel, 80:20 
hexane/EtOAc), 114.8 mg (100%) of the titled compound as a 
white solid. m.p.: 158-159 ºC (CH2Cl2). 
1H-NMR (400.16 105 
MHz, CDCl3) δ 8.51 (d, J = 8.4 Hz, 1H, ArH), 8.14 (d, J = 8.8 
Hz, 1H), 8.08 (br, 1H, NH), 7.57 – 7.49 (m, 1H, ArH), 7.48 
(ddd, J = 7.7, 1.6, 0.5 Hz, 1H, ArH), 7.46 – 7.35 (m, 2H, 
ArH), 7.30 (br, 1H, NH), 7.13 (td, J = 7.6, 1.2 Hz, 1H, ArH), 
7.07 (td, J = 7.6, 1.1 Hz, 1H, ArH), 6.44 (dd, J = 16.9, 1.4 Hz, 110 
1H, H2), 6.31 (dd, J = 16.9, 10.1 Hz, 1H, H3A), 5.78 (dd, J = 
10.1, 1.4 Hz, 1H, H3B), 4.23 (q, J = 7.1 Hz, 2H, CH2 ), 1.31 (t, 
J = 7.1 Hz, 3H, CH3) ppm. 
13C-NMR (100.62 MHz, CDCl3) δ 
163.5, 153.3, 139.1, 138.9, 132.1, 132.0, 131.4, 130.5, 130.4, 
128.1, 123.9, 123.1, 120.1, 118.8, 111.9, 111.3, 91.6, 90.9, 115 
61.7, 14.6 ppm. MS (EI): m/z (%) 334 (M+, 4), 288 (27), 287 
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(21), 260 (14), 259 (12), 246 (24), 244 (71), 243 (100), 242 
(23), 234 (76), 206 (24), 205 (30), 204 (16). HMRS (EI): 
Calcd. for C20H18N2O3 334.1337; found, 334.1331. IR (neat): 
υ 3307 (w, N-H), 2193 (w, C=C), 1705 (s, C=O), 1667 (s, 
C=O) cm-1. 5 
 
N-[2-((2-Amino-5-bromophenyl)-ethynyl)-phenyl]-acrylamide 
5ac. Following the general procedure for the Sonogashira 
reaction, the reaction of 4-bromo-2-iodoaniline 6c (650 mg, 
2.182 mmol), N-(2-ethynylphenyl)-acrylamide 7a (560 mg, 10 
2.273 mmol), PdCl2(PPh3)2 (0.031 g, 0.044 mmol), CuI (0.017 
g, 0.087 mmol) and Et3N (5.7 mL) in DMF (23 mL) afforded, 
after purification by column chromatography (silica gel, 90:10 
hexane/EtOAc), 744.4 mg (100%) of the titled compound as a 
white solid. m.p.: 133-134 ºC (CH2Cl2). 
1H-NMR (400.16 15 
MHz, CDCl3) δ 8.50 (d, J = 8.3 Hz, 1H, ArH), 8.08 (s, 1H, 
NH), 7.50 (ddd, J = 7.7, 1.6, 0.5 Hz, 1H, ArH), 7.47 (d, J = 
2.3 Hz, 1H, ArH), 7.40 (ddd, J = 8.6, 7.5, 1.6 Hz, 1H, ArH), 
7.30 – 7.27 (m, 1H, ArH), 7.11 (td, J = 7.6, 1.2 Hz, 1H, ArH), 
6.66 (d, J = 8.7 Hz, 1H, ArH), 6.45 (dd, J = 16.9, 1.2 Hz, 1H, 20 
H2), 6.31 (dd, J = 16.9, 10.1 Hz, 1H, H3A), 5.81 (dd, J = 10.2, 
1.2 Hz, 1H, H3B), 4.30 (s, 2H, NH2) ppm. 
 13C-NMR (100.62 
MHz, CDCl3) δ 164.0, 147.5, 139.0, 134.4, 133.5, 132.1, 
131.6, 130.5, 128.5, 124.2, 120.2, 116.5, 112.4, 109.5, 109.2, 
91.9, 90.7 ppm. MS (EI): m/z (%) 342 (M+, 81Br, 20)340 (M+, 25 
79Br, 23), 325 (23), 324 (61), 323 (46), 322 (62), 321 (31), 
243 (61), 242 (100), 206 (54), 205 (25). HMRS (EI): Calcd. 
for C17H13
81BrN2O, 342.0191; found, 342.0194. Calcd. for 
C17H13
79BrN2O, 340.0211; found, 340.0212. IR (neat): υ 3449 
(w, N-H), 3256 (w, N-H), 3274 (w, N-H), 1654 (s, C=O) cm-1. 30 
 
N-{2-[(N-tert-Butoxycarbonyl-2-aminophenyl)-ethynyl]-
phenyl}-acrylamide 5ae. Following the general procedure for 
the Sonogashira reaction, the reaction of tert-butyl 2-
iodophenyl formate 6e (60 mg, 0.188 mmol), N-(2-35 
ethynylphen-1-yl)-acrylamide 7a (39 mg, 0.225 mmol), 
PdCl2(PPh3)2 (0.003 g, 0.004 mmol), CuI (0.001 g, 0.07 
mmol) and Et3N (0.49 mL) in THF (2 mL) afforded, after 
purification by column chromatography (silica gel, 70:30 
hexane/EtOAc), 62.4 mg (92%) of the titled compound as a 40 
white solid. m.p.: 135-136 ºC (CDCl3). 
1H-NMR (400.16 
MHz, CDCl3) δ 8.53 (d, J = 8.3 Hz, 1H, ArH), 8.16 (d, J = 8.4 
Hz, 1H, ArH), 8.07 (s, 1H, NH), 7.54 (dd, J = 7.7, 1.4 Hz, 1H, 
ArH), 7.47 (dd, J = 7.7, 1.3 Hz, 1H, ArH), 7.45 – 7.36 (m, 2H, 
ArH), 7.18 (s, 1H, NH), 7.14 (td, J = 7.6, 1.1 Hz, 1H, ArH), 45 
7.05 (td, J = 7.6, 1.1 Hz, 1H, ArH), 6.45 (dd, J = 16.9, 1.2 Hz, 
1H, H3’’A), 6.31 (dd, J = 16.9, 10.2 Hz, 1H, H2’’), 5.80 (dd, J = 
10.2, 1.2 Hz, 1H, H3’’B), 1.52 (s, 9H, C(CH3)3) ppm. 
13C-NMR 
(100.62 MHz, CDCl3) δ 163.6 (s), 152.6 (s), 139.7 (s), 139.0 
(s), 132.2 (d), 132.1 (d), 131.6 (d), 130.7 (d), 130.5 (d), 128.4 50 
(t), 124.1 (d), 122.9 (d), 120.1 (d), 118.7 (d), 111.9 (s), 111.0 
(s), 92.0 (s), 90.8 (s), 81.4 (s), 28.5 (q) ppm. MS (ESI+): m/z 
(%) 385 ([M+Na+]), 363 [(M+H+]). HMRS (ESI+): Calcd. for 
C22H23N2O3 363.17032; found, 363.17033. IR (NaCl): υ 3400 
(w, N-H), 3295 (w, N-H), 2978 (w, C-H), 1732 (s, C=O), 55 
1688 (s, C=O) cm-1. 
 
Ethyl (E)-4-[(2-(2-Aminophenylethynyl)-phenyl)amino]-4-
oxobut-2-enoate 5ba. Following the general procedure for the 
Sonogashira reaction, the reaction of 2-iodoaniline 6c (22 mg, 60 
0.101 mmol), ethyl (E)-4-[(2-ethynylphenyl)-amino]-4-
oxobut-2-enoate 7b (37 mg, 0.152 mmol), PdCl2(PPh3)2 
(0.001 g, 0.002 mmol), CuI (0.001 g, 0.004 mmol) and Et3N 
(0.26 mL) in DMF (1.06 mL) at 80 ºC afforded, after 
purification by column chromatography (silica gel, 80:20 65 
hexane/EtOAc), 25.8 mg (76%) of the titled compound as a 
white solid. m.p.: 176-179 ºC (CH2Cl2). 
1H-NMR (400.16 
MHz, CDCl3) δ 8.50 (d, J = 8.4 Hz, 1H, ArH), 8.41 (s, 1H, 
NH), 7.51 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.43 – 7.33 (m, 2H, 
ArH), 7.20 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.18 – 7.07 (m, 2H, 70 
ArH + Csp2-H), 6.96 (d, J = 15.3 Hz, 1H, Csp2-H), 6.82 – 
6.73 (m, 2H, ArH), 4.27 (q, J = 7.2 Hz, 2H, CH2), 1.33 (t, J = 
7.1 Hz, 3H, CH3) ppm. 
13C-NMR (100.62 MHz, CDCl3) δ 
165.4, 161.6, 148.0, 138.0, 136.5, 132.1, 131.8, 131.7, 130.6, 
129.8, 124.4, 120.0, 118.5, 115.0, 112.9, 107.2, 93.9, 89.3, 75 
61.4, 14.2 ppm. MS (EI): m/z (%) 334 (M+, 3), 317 (10), 316 
(64), 288 (11), 244 (12), 243 (100), 242 (36). HMRS (EI): 
Calc. for C20H18N2O3, 334.1317; found, 334.1318. IR (neat): υ 
3482 (w, N-H), 3385 (w, N-H), 3295 (w, N-H), 2204 (w, 
C=C), 1705 (s, C=O), 1666 (s, C=O) cm-1. 80 
 
Ethyl (E)-4-((2-(2-Ethoxycarbonylamino-phenyl)-ethynyl)-
phenyl)-amino)-4-oxobut-2-enoate 5bb. Following the general 
procedure for the Sonogashira reaction, the reaction of 2-
iodophenyl-formate 6b (500 mg, 1.718 mmol), ethyl (E)-4-(2-85 
ethynylphenylamino)-4-oxobut-2-enoate 7b (627 mg, 2.576 
mmol), PdCl2(PPh3)2 (0.024 g, 0.034 mmol), CuI (0.013 g, 
0.069 mmol) and Et3N (4.46 mL) in DMF (18 mL) at 60 ºC 
afforded, after purification by column chromatography (silica 
gel, 80:20 hexane/EtOAc), 641.9 mg (92%) of the titled 90 
compound as a white solid. m.p.: 168-169 ºC (CH2Cl2). 
1H-
NMR (400.16 MHz, CDCl3) δ 8.52 (d, J = 8.4 Hz, 1H, ArH), 
8.24 (s, 1H, NH), 8.12 (d, J = 8.4 Hz, 1H, ArH), 7.56 (dd, J = 
7.8, 1.5 Hz, 1H, ArH), 7.51 (dd, J = 7.8, 1.6 Hz, 1H, ArH), 
7.48 – 7.35 (m, 2H, ArH), 7.18 (td, J = 7.6, 1.1 Hz, 1H, ArH), 95 
7.13 – 7.07 (m, 2H, ArH + Csp2-H), 6.97 (d, J = 15.1 Hz, 1H, 
Csp2-H), 4.35-4.15 (m, 4H, 2xCH2), 1.39 – 1.26 (m, 6H, 
2xCH3) ppm. 
13C-NMR (100.62 MHz, CDCl3) δ 165.3, 161.8, 
153.3, 139.0, 138.2, 136.3, 132.2, 132.1, 131.8, 130.4, 130.1, 
124.6, 123.1, 120.6, 118.9, 112.7, 111.5, 91.8, 90.5, 61.6, 100 
61.3, 14.5, 14.1 ppm. MS (EI): m/z (%) 406 (M+, 3), 360 (23), 
318 (57), 316 (50), 288 (23), 287 (100), 259 (29), 243 (87), 
242 (38), 234 (61), 206 (38), 205 (47). HMRS (EI): Calc. for 
C23H22N2O5, 406.1529; found, 406.1534. IR (neat):  υ 3289 
(w, N-H), 2978 (w, C-H), 1706 (s, C=O), 1672 (s, C=O) cm-1. 105 
 
Ethyl (E)-4-((2-((5-Bromo-2-ethoxycarbonylaminophenyl)-
ethynyl)-phenyl)-amino)-4-oxobut-2-enoate 5bd. Following 
the general procedure for the Sonogashira reaction, the 
reaction of ethyl (4-bromo-2-iodophenyl)-formate 6b (100 110 
mg, 0.265 mmol), ethyl (E)-4-(2-ethynylphenylamino)-4-
oxobut-2-enoate 7b (97 mg, 0.398 mmol), PdCl2(PPh3)2 
(0.004 g, 0.005 mmol), CuI (0.002 g, 0.011 mmol) and Et3N 
(0.69 mL) in DMF (2.8 mL) at 60 ºC afforded, after 
purification by column chromatography (silica gel, 90:10 115 
hexane/EtOAc), 117.6 mg (90%) of the titled compound as a 
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white solid. m.p.: 215-216 ºC (CH2Cl2). 
1H-NMR (400.16 
MHz, DMSO-d6) δ 10.23 (s, 1H, NH), 9.10 (s, 1H, NH), 7.91 
(d, J = 8.3 Hz, 1H, ArH), 7.77 (d, J = 2.4 Hz, 1H, ArH), 7.70 
(d, J = 8.9 Hz, 1H, ArH), 7.63 (dd, J = 7.8, 1.6 Hz, 1H, ArH), 
7.58 (dd, J = 8.8, 2.4 Hz, 1H, ArH), 7.50 – 7.38 (m, 2H, ArH 5 
+ Csp2-H), 7.25 (t, J = 7.3 Hz, 1H, ArH), 6.78 (d, J = 15.4 Hz, 
1H, Csp2-H), 4.20 (q, J = 7.1 Hz, 2H, CH2), 4.10 (q, J = 7.1 
Hz, 2H, CH2), 1.24 (t, J = 7.1 Hz, 3H, CH3), 1.17 (t, J = 7.1 
Hz, 3H, CH3) ppm. 
13C-NMR (100.62 MHz, DMSO-d6) δ 
164.9, 161.8, 153.6, 138.3, 138.1, 137.2, 134.5, 132.8, 132.3, 10 
130.2, 129.7, 125.2, 123.7, 123.3, 116.6, 115.2, 115.0, 92.0, 
89.9, 60.9, 60.8, 14.4, 14.0 ppm. MS (ESI+): m/z (%) 509 
(M+Na+, 81Br), 507 (M+Na+, 79Br), 487 (M+H+, 81Br), 485 
(M+H+, 79Br),, 340 (6), 318 (8), 290 (4), 262 (3). HMRS 
(ESI+): Calc. for C23H22
79BrN2O5 ([M+H]
+) 485.07066; found, 15 
485.07086. IR (neat): υ 3293 (m, N-H), 2981 (w, C-H), 1701 
(m, C=O), 1671 (s, C=O) cm-1. 
 
Ethyl (E)-4-((2-((2-tert-Butoxycarbonylamino-phenyl)-
ethynyl)-phenyl)-amino)-4-oxobut-2-enoate 5be. Following 20 
the general procedure for the Sonogashira reaction, the 
reaction of tert-butyl 2-iodophenyl formate 6e (76 mg, 0.238 
mmol), ethyl (E)-4-(2-ethynylphenylamino)-4-oxobut-2-
enoate 7b (69 mg, 0.286 mmol), PdCl2(PPh3)2 (0.003 g, 0.005 
mmol), CuI (0.002 g, 0.009 mmol) and Et3N (0.62 mL) in 25 
DMF (2.5 mL) at 80 ºC afforded, after purification by column 
chromatography (silica gel, 85:15 hexane/EtOAc), 102.1 mg 
(99%) of the titled compound as white solid. m.p.:  127-128 
ºC (CDCl3). 
1H-NMR (400.16 MHz, CDCl3) δ 8.52 (d, J = 8.3 
Hz, 1H, ArH), 8.21 (s, 1H, NH), 8.15 (d, J = 8.4 Hz, 1H, 30 
ArH), 7.56 (dd, J = 7.7, 1.2 Hz, 1H, ArH), 7.49 (td, J = 7.9, 
1.6 Hz, 1H, ArH), 7.50-7.38 (m, 2H, ArH), 7.22 – 7.14 (m, 
2H, ArH+NH), 7.12 – 7.02 (m, 2H, ArH + Csp2-H), 6.97 (d, J 
= 15.3 Hz, 1H, Csp2-H), 4.27 (q, J = 7.1 Hz, 2H, CH2), 1.51 
(s, 9H, C(CH3)3), 1.32 (t, J = 7.1 Hz, 3H, CH3) ppm. 
13C-35 
NMR (100.62 MHz, CDCl3) δ 165.3, 161.7, 152.4, 139.7, 
138.3, 136.3, 132.2, 132.1, 132.0, 130.5, 130.2, 124.6, 122.7, 
120.5, 118.6, 112.7, 110.9, 92.2, 90.4, 81.2, 61.4, 27.3 (3x), 
14.2 ppm. MS (ESI+): m/z (%) 457 (M+Na+), 435 (M+H+). 
HMRS (ESI): Calcd. for C25H27N2O5 ([M+H
+]) 435.9145; 40 
found, 435.19132. IR (NaCl):  υ 3207 (w, N-H), 3267 (w, N-
H), 2978 (w, C-H), 1734 (s, C=O), 1666(s, C=O) cm-1. 
 
7-Methylene-6-oxo-6,7-dihydrobenzo[b]azepino[4,5-b]indole 
9aa and N-(2-indol-2-yl-phenyl)-acrylamide 4aa. General 45 
procedure for the N-cyclization-Heck reaction. To a solution 
of 5aa (32 mg, 1.122 mmol) in DMF (3 mL) were added 
PdCl2(PPh3)2 (4 mg, 0.006 mmol), KI (10 mg, 0.061 mmol), 
MA (12 mg, 0.122 mmol) and the reaction was heated at 100 
ºC for 3 hours, in air atmosphere. The reaction was cooled 50 
down to 25 ºC and a saturated aqueous solution of NaCl (25 
mL) was added. The mixture was extracted with EtOAc (3 x), 
the combined organic layers were washed with water (15 mL) 
and dried (Na2SO4), and the solvent was evaporated. The 
residue was purified by flash chromatography to afford 17.4 55 
mg (37%) of 9aa and 12.3 mg (40%) of 4aa. 
Data for 4aa: m.p.:  180 ºC (dec.) (CH2Cl2). 
1H-NMR (400.16 
MHz, DMSO-d6) δ 10.37 (s, 1H, NH), 7.79 (dd, J = 7.9, 1.5 
Hz, 1H, ArH), 7.71 (d, J = 8.0 Hz, 1H, ArH), 7.48 (d, J = 8.0 
Hz, 1H, ArH), 7.36 (ddd, J = 8.3, 7.1, 1.5 Hz, 1H, ArH), 7.30 60 
(dd, J = 8.2, 1.4 Hz, 1H, ArH), 7.24 (ddd, J = 8.2, 6.9, 1.3 Hz, 
2H, ArH), 7.12 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H, ArH), 6.12 (d, J 
= 1.7 Hz, 1H, Csp2-H), 5.74 (d, J = 1.7 Hz, 1H, Csp2-H) ppm. 
13C-NMR (100.62 MHz, DMSO-d6) δ 170.6, 137.7, 135.7, 
134.7, 132.4, 128.6, 126.6, 126.0, 123.6, 123.0, 121.6, 121.1, 65 
120.5, 120.0, 118.6, 111.6, 110.7 ppm. HMRS (ESI+): Calcd. 
for C17H13N2O ([M+1]
+) 261.10224; found, 261.10233. IR 
(neat): υ 3253 (s, C=H), 1644 (s, C=O) cm-1. 
Data for 9aa: 1H-NMR (400 MHz, CDCl3) δ 8.70 (s, 1H, NH), 
8.43 (d, J = 8.6 Hz, 1H, ArH), 8.06 (s, 1H, NH), 7.68 (dt, J = 70 
7.9, 1.1 Hz, 1H, ArH), 7.49 – 7.40 (m, 2H, ArH), 7.36 (ddd, J 
= 8.7, 7.5, 1.6 Hz, 1H, ArH), 7.27 (ddd, J = 8.2, 6.0, 1.3 Hz, 
1H, ArH), 7.22 – 7.16 (m, 2H, ArH), 6.66 (dd, J = 2.1, 1.0 Hz, 
1H, ArH), 6.34 (dd, J = 16.9, 1.2 Hz, 1H, H2), 6.11 (dd, J = 
16.9, 10.3 Hz, 1H, H3trans), 5.70 (dd, J = 10.2, 1.1 Hz, 1H, 75 
H3cis) ppm. 
13C-NMR (100.62 MHz, CDCl3) δ 163.9, 136.8, 
135.2, 134.0, 131.3, 129.4, 129.3, 128.8, 128.0, 124.7, 123.5, 
122.9, 121.6, 120.8, 120.6, 111.3, 102.6 ppm. MS (EI): m/z 
(%) 262 (M+, 3), 244 (83), 243 (100), 242 (34). HMRS (EI): 
Calcd. for C17H14N2O 262.1106; found, 262.1094. IR (neat): υ 80 
3336 (m, N-H), 3209 (m, N-H), 2975 (w, C-H), 2927 (w, C-
H), 1649 (s, C=O) cm-1. 
 
Ethyl 7-Methylene-6-oxo-6,7-dihydrobenzo[2,3]azepino[4,5-
b]indole-12(5H)-carboxylate 4ab. Following the general 85 
procedure for N-cyclization-Heck reaction, the reaction of 
acrylamide 5ab (25 mg, 0.075 mmol), PdCl2(PPh3)2 (0.003 g, 
0.004 mmol), KI (0.006 g, 0.037 mmol), MA (7 mg, 0.075 
mmol) in DMF (1.8 mL) at 100 ºC afforded, after purification 
by column chromatography (silica gel, 80:20 hexane/EtOAc), 90 
13.0 mg (52%) of the titled compound as a white solid. m.p.: 
205-208 ºC (CH2Cl2). 
1H-NMR (400 MHz, DMSO-d6) δ 10.37 
(s, 1H, NH), 8.12 (d, J = 8.4 Hz, 1H, ArH), 7.72 (d, J = 7.8 
Hz, 1H, ArH), 7.49 – 7.43 (m, 1H), 7.40 (d, J = 7.9 1H, ArH), 
7.39 – 7.33 (m, 2H), 7.28 (d, J = 7.3 Hz, 1H), 7.20 – 7.15 (m, 95 
1H), 6.20 (d, J = 1.1 Hz, 1H, Csp2-H), 5.87 (d, J = 1.1 Hz, 1H, 
Csp2-H), 4.31 (q, J = 7.1 Hz, 2H, CH2), 1.13 (t, J = 7.1 Hz, 
3H, CH3) ppm. 
13C-NMR (100.62 MHz, DMSO-d6) δ 172.2, 
151.0, 137.7, 134.6, 134.0, 132.5, 129.8, 128.5, 126.6, 126.0, 
124.5, 123.8, 123.1, 122.5, 122.2, 120.9, 119.0, 114.7, 63.7, 100 
13.6 ppm. HMRS (ESI+): Calcd. for C20H17N2O3 ([M+H]
+) 
333.12337; found, 333.12402. IR (neat): υ 3192 (w, N-H), 
3068 (w, N-H), 2970 (w, C-H), 2923 (w, C-H),  1737 (s, 




dihydrobenzo[b]azepino[4,5-b]indole 9ac and N-(2-(5-bromo-
indol-2-yl)-phenyl)-acrylamide 4ac. Following the general 
procedure for N-cyclization-Heck reaction, the reaction of 110 
acrylamide 5ac (32 mg, 0.094 mmol), PdCl2(PPh3)2 (0.003 g, 
0.005 mmol), KI (0.008 g, 0.047 mmol), MA (9 mg, 0.094 
mmol) in DMF (2.3 mL) at 80 ºC afforded, after purification 
by column chromatography (silica gel, 80:20 hexane/EtOAc), 
15.8 mg (50%) of 9ac and 15.9 mg (50%) of 4ac as a white 115 
solid. 
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Data for 4ac: m.p.: 200 ºC (dec) (CH2Cl2). 
1H-NMR (400.16 
MHz, DMSO-d6) δ 10.40 (s, 1H, NH), 7.80 (d, J = 2.0 Hz, 1H, 
ArH), 7.77 (d, J = 8.0 Hz, 1H, ArH), 7.44 (dd, J = 8.6, 1.2 Hz, 
1H, ArH), 7.41 – 7.22 (m, 4H, ArH), 6.12 (s, 1H, Csp2-H), 
5.75 (s, 1H, Csp2-H) ppm. 13C-NMR (100.62 MHz, DMSO-d6) 5 
δ 170.5, 136.4, 135.1, 135.0, 133.8, 129.2, 127.8, 126.9, 125., 
123.7, 121.8, 121.4, 120.7, 120.7, 113.7, 112.6, 110.1 ppm. 
HMRS (ESI+): Calc. for C17H12
79BrN2O ([M+H]
+) 339.01275; 
found, 339.01264. IR (neat): υ 3256 (w, C-H), 3036 (w, C-H), 
1648 (s, C=O) cm-1. 10 
Data for 9ac: m.p.: 94-96 ºC (CH2Cl2).
1H-NMR (400.16 MHz, 
DMSO-d6) δ 9.96 (s, 1H, NH), 7.93 (d, J = 1.9 Hz, 1H, ArH), 
7.87 (dd, J = 7.8, 1.3 Hz, 1H, ArH), 7.63 (d, J = 8.1 Hz, 1H, 
ArH), 7.59 (d, J = 8.7 Hz, 1H, ArH), 7.46 (m, 2H, ArH), 7.38 
(td, J = 7.7, 1.1 Hz, 1H, ArH), 6.53 (dd, J = 16.9, 10.2 Hz, 15 
1H, H2), 6.26 (dd, J = 17.1, 1.9 Hz, 1H, H3trans), 5.80 (dd, J = 
10.2, 1.6 Hz, 1H, H3cis) ppm. 
13C NMR (101 MHz, DMSO-d6) 
δ 163.7, 154.3, 152.7, 151.8, 134.6, 131.6, 131.0, 129.5, 
128.1, 127.2, 127.2 , 127.1, 126.1, 123.7, 115.4, 113.1, 104.5 
ppm. MS (ESI+): m/z (%) 343 ([M+H]+, 81Br), 341 (([M+H]+, 20 
79Br). HMRS (ESI+): Calcd. for C17H14
79BrN2O ([M+H]
+) 
341.02840; found, 341.02751. IR (neat): υ 3364 (s, N-H), 
3265 (w, N-H), 1669 (s, C=O) cm-1. 
 
Ethyl (E)-4-(2-(1H-indol-2-yl)-phenylamino)-4-oxobut-2-25 
enoate 9ba. Following the general procedure for N-
cyclization-Heck reaction, the reaction of compound 5ba (65 
mg, 0.194 mmol), PdCl2(PPh3)2 (0.007 g, 0.010 mmol), KI 
(0.016 g, 0.097 mmol), MA (19 mg, 0.194 mmol) in DMF 
(4.75 mL) at 100 ºC afforded, after purification by column 30 
chromatography (silica gel, 80:20 hexane/EtOAc), 45.1 mg 
(70%) of the titled compound as a white solid. m.p.: 131 ºC 
(CH2Cl2). 
1H-NMR (400.16 MHz, CDCl3) δ 8.59 (s, 1H, NH), 
8.46 (d, J = 8.3 Hz, 1H, ArH), 8.27 (s, 1H, NH), 7.70 (d, J = 
7.9 Hz, 1H, ArH), 7.56-7.40 (m, 2H, ArH), 7.38 (t, J = 8.1 Hz, 35 
1H, ArH), 7.28 (t, J = 8.1 Hz, 1H, ArH), 7.32-7.18 (m, 2H, 
ArH), 6.87 (app s, 2H, 2x Csp2-H), 6.67 (d, J = 0.9 Hz, 1H, 
ArH), 4.23 (q, J = 7.1 Hz, 2H, CH2), 1.30 (t, J = 7.1 Hz, 3H, 
CH3) ppm. 
13C-NMR (100.62 MHz, CDCl3) δ 165.3, 161.9, 
136.8, 136.2, 134.8, 133.6, 131.9, 129.5, 129.3, 128.8, 125.2, 40 
123.6, 123.1, 121.6, 121.0, 120.8, 111.3, 102.8, 61.4, 14.2 
ppm. MS (EI): m/z (%) 334 (M+, 12), 317 (25), 316 (94), 288 
(38), 244 (23), 243 (100), 242 (79). HMRS (EI): Calcd. for 
C20H18N2O3  334.1317; found, 334.1325. IR (neat): υ 3216 
(br, N-H), 3058 (w, C-H), 2925 (w, C-H), 1706 (s, C=O), 45 




dihydrobenzo[b]azepino[4,5-b]indole 4ba. Following the 50 
general procedure for N-cyclization-Heck reaction, the 
reaction of compound 5bb (35 mg, 0.861 mmol), 
PdCl2(PPh3)2 (0.030 g, 0.043 mmol), KI (0.071 g, 0.430 
mmol), MA (84 mg, 0.861 mmol) in DMF (21 mL) at 110 ºC 
afforded, after purification by column chromatography (silica 55 
gel, 70:30 hexane/EtOAc), 23.9 mg (80%) of 4bb and 4.9 mg 
(20%) of 4ba as a white solid. 
Data for 4bb. m.p.: 200 ºC (dec) (CH2Cl2). 
1H-NMR (400 
MHz, CDCl3) δ 8.83 (s, 1H, NH), 8.20 (d, J = 8.3 Hz, 1H, 
ArH), 7.79 (dd, J = 7.7, 1.2 Hz, 1H, ArH), 7.45 (ddd, J = 8.5, 60 
7.3, 1.3 Hz, 1H, ArH), 7.41 – 7.31 (m, 3H, ArH), 7.28 (d, J = 
7.9 Hz, 1H, ArH), 7.20 (td, J = 7.5, 1.4 Hz, 1H, ArH), 6.31 (s, 
1H, Csp2-H), 4.35 (q, J = 7.2 Hz, 2H, CH2), 4.25 (q, J = 7.1 
Hz, 2H, CH2), 1.31 (t, J = 7.1 Hz, 3H, CH3), 1.21 (t, J = 7.1 
Hz, 3H, CH3) ppm. 
13C-NMR (100.62 MHz, CDCl3) δ 168.7, 65 
164.7, 151.5, 139.0, 138.6, 133.9, 132.9 (2x), 129.9, 128.7, 
126.4, 125.0 (2x), 124.1, 123.9, 122.8, 121.7, 119.2, 115.4, 
63.8, 61.1, 13.9, 13.8 ppm. HMRS (ESI+): Calc. for 
C23H21N2O5 ([M+H]
+)  405.14450; found, 405.14453. FTIR 
(neat):  υ 3290 (w, N-H), 2922 (w, C-H), 1731 (s, C=O), 1712 70 
(s, C=O) cm-1. X-Ray: See Supporting Information. 
Data for 4ba. m.p.: 230-232 ºC (CH2Cl2). 
1H-NMR (400.16 
MHz, DMSO-d6) δ 10.75 (s, 1H, NH), 7.78 (d, J = 7.9 Hz, 1H, 
ArH), 7.66 (d, J = 7.9 Hz, 1H, ArH), 7.50 (d, J = 8.1 Hz, 1H, 
ArH), 7.40 (t, J = 7.1 Hz, 1H, ArH), 7.34 – 7.22 (m, 3H, 75 
ArH), 7.16 (t, J = 7.5 Hz, 1H, ArH), 6.21 (s, 1H, Csp2-H), 
4.13 (q, J = 7.1 Hz, 2H, CH2), 1.23 (t, J = 7.1 Hz, 3H, CH3) 
ppm. 13C-NMR (100.62 MHz, DMSO-d6) δ 166.1, 165.6, 
139.8, 137.8, 134.2, 133.7, 128.9, 127.1, 125., 124.0, 123.4 
(2x), 122.1, 121.3, 120.6, 118.2, 112.0, 110.4, 60.2, 13.9 ppm. 80 
HMRS (ESI+): Calcd. for C20H17N2O3 ([M+H]
+) 333.12337; 
found, 333.12361. IR (neat): υ 3333 (w, N-H), 3038 (w, C-H), 




4bd. Following the general procedure for N-cyclization-Heck 
reaction, the reaction of compound 5bd (22 mg, 0.045 mmol), 
PdCl2(PPh3)2 (2 mg, 0.002 mmol), KI (4 mg, 0.022 mmol), 
MA (4 mg, 0.045 mmol) in DMF (1.2 mL) at 120 ºC afforded, 90 
after purification by column chromatography (silica gel, 80:20 
hexane/EtOAc), 13.0 mg (60%) of the titled compound as a 
white solid. m.p.: 250 ºC (CH2Cl2). 
1H-NMR (400.16 MHz, 
DMSO-d6) δ 10.79 (s, 1H, NH), 8.10 (d, J = 8.8 Hz, 1H, 
ArH), 7.77 (d, J = 2.1 Hz, 1H, ArH), 7.65 (dt, J = 8.9, 1.7 Hz, 95 
1H, ArH), 7.50 (dd, J = 8.0, 1.5 Hz, 1H, ArH), 7.42 (t, J = 7.6 
Hz, 1H, ArH), 7.30 (d, J = 8.1 Hz, 1H, ArH), 7.22 (t, J = 7.6 
Hz, 1H, ArH), 6.52 (s, 1H, Csp2-H), 4.42 – 4.24 (br, 2H, 
CH2), 4.15 (q, J = 7.0 Hz, 2H, CH2), 1.25 (t, J = 7.1 Hz, 3H, 
CH3), 1.14 (t, J = 7.1 Hz, 3H, CH3) ppm. 
13C-NMR (100.62 100 
MHz, DMSO-d6) δ 167.8, 164.8, 150.4, 137.8, 136.6, 134.7, 
133.8, 130.3, 129.1, 128.8, 127.4, 125.4, 123.5, 122.7, 122.5, 
121.0, 119.2, 117.1, 116.5, 64.2, 60.6, 13.8, 13.6 ppm. HMRS 
(ESI+): Calc. mass for C23H20
79BrN2O5 ([M+H]
+) 483.05501; 
found, 483.05485. IR (neat): υ 3293 (w, N-H), 3070 (w, C-H), 105 




4ae and N-(2-indol-2-yl-phenyl)-acrylamide 4aa. Following 110 
the general procedure for N-cyclization-Heck reaction, the 
reaction of compound 5ae (20 mg, 0.055 mmol), PdCl2(PPh3)2 
(0.002 g, 0.003 mmol), KI (0.005 g, 0.028 mmol), MA (5 mg, 
0.055 mmol) in DMF (1.4 mL) at 110 ºC afforded, after 
purification by column chromatography (silica gel, 70:30 115 
hexane/EtOAc), 4.3 mg (22%) of 4ae and 11.1 mg (78%) of 
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4aa as a white solid. 
Data for 4ae. m.p.: > 150 ºC (dec.) (CDCl3). 
1H-NMR (400 
MHz, CDCl3) δ 8.22 (s, 1H, NH), 8.20 (d, J = 8.4 Hz, 1H, 
ArH), 7.75 (d, J = 7.8 Hz, 1H, ArH), 7.46 – 7.38 (m, 2H, 
ArH), 7.32 (dd, J = 11.2, 4.6 Hz, 2H, ArH), 7.21 (td, J = 7.8, 5 
1.1 Hz, 1H, ArH), 7.13 (d, J = 8.0 Hz, 1H, ArH), 6.39 (d, J = 
1.0 Hz, 1H, Csp2-H), 5.93 (s, 1H, Csp2-H), 1.41 (s, J = 12.8 
Hz, 9H, CH3) ppm. 
13C-NMR (100 MHz, CDCl3) δ 174.7 (s), 
150.8 (s), 139.4 (s), 135.0 (s), 133.8 (s), 133.3 (s), 130.8 (d), 
128.9 (d), 127.7 (s), 126.4 (d), 125.6 (t), 124.1 (s), 124.0 (d), 10 
124.0 (d), 122.2 (d), 121.8 (s), 119.5 (d), 115.3 (d), 84.6 (s), 
27.4 (q) ppm. MS (ESI): m/z (%) 361 (M+), 331, 305, 287, 
233. HMRS (ESI): Calcd. for C22H21N2O3 361.15467; found, 
361.15474. FTIR (NaCl): υ 3403 (w, N-H), 3311 (w, C-H), 
2980 (w, C-H), 1726 (s, C=O), 1689 (s, C=O) cm-1.  15 
Ethyl  (Z)-7-(2-tert-butoxy-2-oxoethylene)-6-oxo-6,7-
dihydrobenzo[2,3]azepino[4,5-b]indole-12(5H)-carboxylate 
4be  and (Z)-7-(2-ethoxy-2-oxoethylene)-6-oxo-6,7-
dihydrobenzo[b]azepino[4,5-b]indole 4ba. Following the 
general procedure for N-cyclization-Heck reaction, the 20 
reaction of compound 5be (34 mg, 0.078 mmol), PdCl2(PPh3)2 
(3 mg, 0.004 mmol), KI (6 mg, 0.039 mmol), MA (8 mg, 
0.078 mmol) in DMF (2 mL) at 120 ºC afforded, after 
purification by column chromatography (silica gel, 60:40 
hexane/EtOAc), 7.44 mg (22%) of 4be and 20.3 mg (78%) of 25 
4ba.  
Data for 4be. m.p.: > 250 ºC (dec.) (CDCl3). 
1H-NMR (400.16 
MHz, CDCl3) δ 9.85 (s, 1H, NH), 8.23 (d, J = 8.3 Hz, 1H, 
ArH), 7.81 (d, J = 7.8 Hz, 1H, ArH), 7.39 (m, 5H, ArH), 7.24 
– 7.19 (m, 1H, ArH), 6.32 (s, 1H, Csp2-H), 4.23 (q, J = 7.1 30 
Hz, 2H, CH2), 1.40 (s, 9H, C(CH3)3), 1.29 (t, J = 7.1 Hz, 3H, 
CH3) ppm. 
13C NMR (100.62 MHz, CDCl3) δ 169.8, 165.5, 
150.4, 139.8, 139.4, 134.6, 133.4, 130.6, 129.0, 126.6 (2x), 
125.1, 124.5, 124.2, 124.2, 123.3, 121.6, 119.4, 115.5, 84.8, 
61.1, 27.4, 13.7. MS (ESI+): m/z (%) 433 ([M+H]+), 387, 331, 35 
287. HMRS (ESI+): Calcd. for C25H25N2O5 ([M+H]
+) 
433.17580; found, 433.17562. IR (NaCl): υ 3190 (w, N-H), 
2979 (w, C-H), 1735 (s, C=O), 1666 (s, C=O) cm-1.   
 
Biology 40 
Cell lines. Human leukemia U937 cells were grown in RPMI 
medium with 10% fetal bovine serum (FBS) (Sigma), 2 mM 
L-glutamine (Euroclone) and antibiotics (100 U/mL penicillin, 
100 µg/mL streptomycin and 250 ng/mL amphotericin-B). 
Human breast cancer MCF7 cells were propagated in DMEM 45 
medium with 10% fetal bovine serum (FBS) (Sigma), 2 mM 
L-glutamine (Euroclone) and antibiotics (100 U/mL penicillin, 
100 µg/mL streptomycin and 250 ng/mL amphotericin-B) as 
previously reported.35 
Cell cycle and cell death analysis. These assays were 50 
performed as described.36 
Sirt1 assay. The Sirt1 assay was performed following the 
manufacturer’s indications (Millipore). Briefly, This assay uses 
nicotinamidase to measure the nicotinamide produced upon 
cleavage of NAD+ during sirtuin-mediated deacetylation of a 55 
substrate providing a direct assessment of the activity. The use of 
untagged acetylated peptide can eliminate part of the potential 
artifacts. Sirt1 recombinant human enzyme was produced in 
house following standard procedures. 
Protein extraction. After wash, cell pellets were resuspended 60 
in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% 
NP40, 10 mM NaF, 1 mM PMSF and protease inhibitor 
cocktail). The lysis reaction was carried out for 15 min at 4 
°C. Finally, the samples were centrifuged at 13000 rpm for 30 
min at 4 °C and protein concentration was quantified by 65 
Bradford assay (Bio-Rad). 
Western Blot. 50 µg of proteins were loaded on 10% 
polyacrylamide gels. The nitrocellulose filters were stained 
with Ponceau red (Sigma) as additional control for equal 
loading. ERK1 antibody was from Santa-Cruz and P53K382ac 70 
antibody was from Millipore. 
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